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The Bactericidal Action of Subtilin on Bacillus stearothermophilus 


H. Davin MIcHENER 


Western Regional Research Laboratory', Albany, California 


Received for publication March 27, 1953 


During an investigation of the effect of subtilin on 
spores of Bacillus stearothermophilus (a thermophile that 
causes flat sour spoilage of canned vegetables), it was 
found that two stocks of the same strain responded 
differently to subtilin. One behaved as though subtilin 
were sporicidal. The behavior of the other gave rise to 
the suggestion that subtilin is sporistatic, and that heat 
revives the subtilin-inactivated spores (Cameron and 
Bohrer, 1951). This paper considers this difference in 
behavior and shows that subtilin inactivates (probably 
kills) germinating spores, but that many of the spores 
of one stock remain dormant under the experimental 
conditions and, as a result, remain insensitive to sub- 
tilin. 

MertTHops 


One stock strain of B. stearothermophilus FS 1518 was 
obtained originally from C. T. Townsend of the Na- 
tional Canners Association Laboratory, Berkeley, Cal- 
fornia. It had been kept at this laboratory for about 
two years, and for convenience is here designated the 
WRRL stock. The other (used by Cameron and Bohrer, 
1951) was sent to us more recently by the National 
Canners Association Laboratory in Washington, D. C., 
and is designated here as the NCA stock. 

Spores were grown on a thin layer of nutrient agar 
at 52 C as suggested by C. T. Townsend. After two 
days’ incubation the growth from 50 em? was suspended 
in about 5 ml of water to give approximately 107 
spores/ml and stored in the refrigerator. These stock 
spore suspensions were not heated prior to use since 
heat activation may have long-lasting effects on spores 
(Curran and Evans, 1945; Powell, 1951). The initial 
count in each experiment described below thus includes 
asmall proportion of vegetative cells. The spores were 
suspended in 8 ml of tryptone broth (in 16 mm culture 
tubes) and heated for 5 min in boiling water. The 
tryptone broth, as used by Denny et al. (1951) consisted 
of tryptone, 10 g/l; dextrose, 5 g/l; KezHPO,, 1.25 
g/l; yeast extract, 1 g/l; and brom cresol purple, 0.04 
g/l. Aliquots were removed for counts at intervals 
during the incubation (52 C) following the heat treat- 
ment. Those aliquots which were heated again were first 
diluted in fresh tryptone broth. 

Counts were made on Difco Dextrose Tryptone Agar 

' Bureau of Agricuitural and Industrial Chemistry, Agricul- 
turai Research Administration, U. 8. Department of Agricul- 
ture 


(48 hr at 52 C). Valid counts were not obtained at 
dilutions below 1 to 100 because of interference by 
subtilin (see table 2). Counts of 0 are therefore reported 
as <100. 


RESULTS AND DIScUSSION 


The effect of incubation in the presence of subtilin 
in tryptone both on plate counts of spores of the NCA 
and WRRL stocks of B. stearothermophilus is shown in 
table 1. Similar behavior was observed in pea broth 
made anaerobic with 0.1 per cent sodium thioglycolate. 
The results with the NCA stock, in which many spores 
survived heating in the presence of subtilin, are similar 
to those of Cameron and Bohrer (1951) and Denny 
et al. (1951), who reheated their entire spore suspension 
after each period of incubation. A parallel experiment, 
duplicating their procedure exactly, gave essentially 
the same result. 

Although they were resistant to subtilin during in- 
cubation in broth, spores of the NCA stock were unable 
to form colonies in dextrose tryptone agar at higher 
concentrations of subtilin than were spores of the 
WRRL stock (table 2). 

Both smooth and rough colonies were found on plates 
of the NCA stock, and these retained their identity on 
subculturing. The rough colonies resembled those of 
the WRRL stock. The effect of incubation in the 
presence and absence of subtilin is shown for the smooth 
and rough components in table 3. 

A high proportion of the spores of the smooth com- 
ponent, although initially able to germinate and produce 
colonies in dextrose tryptone agar, quickly became 
dormant on incubation in broth and could then produce 
colonies in agar only if they were plated immediately 
following a heat treatment. The necessity of heat acti- 
vation for germination of spores is a common phenom- 
enon (Powell, 1951; Curran and Evans, 1945). The 
phenomenon was observed regardless of the presence or 
absence of subtilin. The failure of the spores to 
germinate accounts for the relatively small effect of 
subtilin on the NCA strain shown in table 1 and re- 
ported by Cameron and Bohrer (1951). That most of 
the dormant spores were not inactivated by subtilin is 
shown by the 48 hr- and 6-day counts of table 3. In 
another experiment 5 per cent of the original number 
of spores survived 44 days of incubation in the presence 
of subtilin. 
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Attempts to elucidate the effect of the broth in the 
induction of dormancy were not successful. The be- 
havior was the same if yeast extract and phosphate 
(which were not present in the agar medium) were left 
out of the broth, or if the broth was aerated or spread 
in a shallow layer during incubation. Inclusion of agar 
in the broth (which was possible at the incubation 


TABLE 1. Effect of incubation with subtilin on plate counts of 
Bacillus stearothermophilus spores 


WRRL STOCK NCA STOCK 
INCUBATION 


HEAT TREATMENT* Subtilin (ppm): 


TIME Subtilin (ppm): 
50 5 50 5 
0 (ini- 770,000 770,000 1,050,000 !,050,000 
tial 
count)t 
0 5-min boiling 220,000 560,000 220,000 500,000 
3 hr none ~100 6, 200 19,000 43,000 
3 hr 5-min boiling <100 1,700 150,000 180,000 
9 hr none ~100 1,500 12,000 37,000 
9 hr 5-min boiling <100 2,000 130,000 200,000 
48 hr none ~400 ~100 64,000 68 , 000 
48 hr 5-min boiling ~300 ~400 120,000 170,000 
8 days none <100 <100 120,000 83, 000 
8 days 5-min boiling <100 <100 190,000 120,000 


* All spores received the first heat treatment. The other 
heat treatments were given only to the aliquot being counted. 
+ Before addition of subtilin. 


TaBLeE 2. Effect of subtilin concentration on development of 
colonies from Bacillus stearothermophilus spores 


COLONIES IN EACH PLATE, EXPRESSED AS 
SUBTILIN PERCENTAGE OF SUBTILIN-FREE CONTROL* 


CONCENTRATION (ppm) 


WRRL Stock NCA Stock 
0.12 0 0 
0.06 1 0 
0.03 8 14 
0.015 34 39 
0.008 82 55 
0.004 110 85 
0 (100) (100) 


* Count after 2 days’ incubation. Approximately 300 spores 
were seeded per plate. In plates with 0.1 per cent sodium 
thioglycolate, colony formation was prevented by only 0.015 
ppm subtilin. 


temperature of 52 C) permitted twice as many spores 
to germinate without heating. 

In the case of the rough component, only a small 
proportion of the original number of spores and vegeta- 
tive cells were detected by plating after incubation for 
1.5 hr in broth (table 3). Most of the survivors were 
heat sensitive and therefore were assumed to have 
germinated, Microscopic observations in other experi- 


ments showed that most of the spores germi).:ted 
promptly. The broth appeared to exert an unexpl: ined 
bactericidal action regardless of the presence or absence 
of subtilin. The bactericidal effect of subtilin (Sacks, 
1952) was noted within a short time at 50 ppm (‘able 
1, WRRL strain) and at 48 hr at 5 ppm (table 1, WRRL 
strain, and table 3, rough component). 

The augmenting effect of subtilin on thermal death 
of spores observed for many species by LeBlane ct al. 
(1953) may be noted with FS 1518 (zero time, tables 
1 and 3). 

The presence of dormant spores can serve to main- 
tain the viabiiity of a culture in the presence of subtilin 
long enough for effective elimination of the antibiotic 


TABLE 3. Effect of incubation with subtilin’on plate counts 
of the smooth and rough components of Bacillus 
stearothermophilus 





SMOOTH COMPONENT ROUGH COMPONENT 


TIME HEAT TREATMENT* SUBTILIN (ppm): SUBTILIN (ppm): 
5 0 5 0 

0 (initial 129,000 129,000 96,000 96,000 
count )f 

0 5-min boiling 80,000 | 121,000 | 57,000 = 123,000 
1.5 hr none 1,900 3,500 9, 500 19,700 
1.5 hr 5-min boiling 58,000 66,000 ~700 ~700 
3 hr none 2,200 1,900 8,600 8,700 
3 hr 5-min boiling 50,000 49,000 ~500 ~800 
7 hr none 1,000 4,000 2,300 4,000 
7 hr 5-min boiling 45,000 | 49,000 ~700 ~200 
48 hr none 1,900 | millions, <100 millions 
48 hr 5-min boiling 45,000 <100 

6 days none 4,800 2,100 

6 days 5-min boiling 40,000 <100 


* All spores received first heat treatment. Other heat treat- 
ments given only to aliquot being counted. 
+ Before addition of subtilin. 


through its relatively poor stability in vegetable media 
at 52 C (Denny et al., 1951). Spoilage of vegetables 
inoculated with the NCA strain of B. stearothermophilus 
FS 1518 and canned with subtilin (Denny et al., 1951) 
probably is explained in this way. Other thermophilic 
flat sour bacteria have been reported by Williams and 
Campbell (1951) to be less inhibited by subtilin than 
FS 1518. 


SUMMARY 


A stock of Bacillus stearothermophilus FS 1518 was 
found to contain a smooth and a rough component. A 
high proportion of the spores of the smooth component 
became dormant quickly in tryptone broth and could 
be detected only if they were plated immediately after 
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their dormancy had been interrupted by heating. Sub- 
tilin had no effect on these dormant spores. The spores 
of the rough component germinated quickly and the 
resulting vegetative cells were sensitive to subtilin. 
Evidence was not found for a sporistatic action of 
subtilin with either the smooth or the rough component. 
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thousand to many millions and as such cannot be 
used for infusions because of adverse reactions in the 
body. Dextran havinga molecular weight of 75,000 + 
25,000 with an intrinsic viscosity of 0.25 + 0.05 g 
0.05 g per 100 ml is the desired clinical material (U.S. 
Army, 1951). To obtain such a dextran, the ‘‘crude”’ 
material is first hydrolyzed to the desired size by means 
of acid (Renfrew and Cretcher, 1949) and then frae- 
tionally precipitated to yield the necessary homo- 
geneous dextran preparation (Ingelman and Halling, 
1950). 

The chief drawback to these procedures for dextran 
production is the low yield. For economic as well as 
practical reasons it is desirable to increase the final 
yield to meet the needs arising from civil and military 
emergencies. This investigation deals with the prepara- 
tion of large quantities of low molecular weight dextran 
by direct fermentation procedures. During the course 
of this research, a procedure has been devised by which 
it is possible to produce high yields of dextran within 
the clinical molecular weight range of 75,000 + 25,000. 


EXPERIMENTAL MErHops 
Leuconostoc mesenteroides, strain 683 and a variant 
strain, 48-13 were used throughout this investigation. 
This variant was obtained after subjecting strain 683 
to irradiation with radioactive phosphorous. 
The medium used for the cultivation of Leuconostoc 





218 NADEL, RANDLES AND STAHLY 


mesenteroides consisted of the following ingredients: 


KeHPO,. .. es 0.6 per cent 
1D CNS eee et ane nea 0.15 per cent 
CER eee eck ceMey MENG ne 0.2 per cent 
MnSO,.... RT Te ee 0.002 per cent 
Yeast Extract ee atte 0.1 per cent 
Casein Hydrolysate.... 0.5 per cent 
Sucrose ik 1.0 per cent 


Adjusted to pH 7.0 


For the production of dextran various modifications 
have been made in the concentrations of the last three 
ingredients. Sucrose concentrations of from 10 to 30 
per cent have been employed and concentrations of 
yeast extract and casein hydrolysate have in some cases 
been decreased to three-fourths, one-half, one-fourth 
and one-eighth of the concentrations tabulated. For 
convenience, media with reduced concentrations 
of yeast extract and casein hydrolysate are referred to 
as containing “‘three-fourths”’, ‘‘one-half”’, “‘one-fourth”’ 
and “‘one-eighth”’ nutrients. 

Cultures to be used for growth studies as well as for 
dextran production were transferred from stock cultures 
to a one per cent sucrose broth medium, incubated for 
24 hr at 25 C and serially transferred for 5 days. For the 
production of dextran a one per cent inoculum was 
used whereas a 0.5 per cent inoculum was used for the 
growth studies. Turbidity readings were taken at peri- 
odic intervals with the Evelyn Photoelectric Colorim- 
eter? using a 600 my red filter. 

For the recovery of dextran, the culture was poured 
into a beaker and ethyl or iso-propy! alcohol was added 
and mixed with the culture medium until a final per- 
centage of 55 per cent alcohol was attained. After 
allowing the precipitated dextran to settle to the bottom 
for 24 hr, the gummy dextran was then poured slowly 
into a Waring Blendor containing either 99 per cent 
isopropyl or 95 per cent ethyl alcohol. This active 
agitation caused the dextran to precipitate in the form 
of a floc. This precipitation and drying procedure was 
repeated two or three times before the dextran was 
collected by filtration through a Buchner funnel. The 
dextran was further dried by passing acetone over it, 
spreading the dextran over a watch glass and placing 
it in a 55 C incubator for three days. 

The per cent dextran recovered was determined by 
weighing the dried dextran and calculating the total 
recovery on the basis of glucose available from the 
sucrose. Theoretically, 100 per cent recovery may be 
obtained since all the glucose may be converted to the 
polysaccharide. 

For the enzymatic production of dextran, the normal 
medium with a pH of 7.0 was inoculated with a 24-hr 
culture of Leuconostoc mesenteroides. At periodic inter- 
vals of 4 hr, the pH was determined and adjusted to 


2 Rubicon Co., Philadelphia, Pa. 


6.7 with In NaOH for a period of 18 hr. The culture 
was centrifuged until cleared of practically all bacteria] 
cells. The supernatant was collected under aseptic con- 
ditions and added to equal volumes of various substrate 
solutions yielding a final dilution of 1:2 and a pH of 
5.2. At the termination of a 48-hour incubation period 
at 25 C, the dextran was recovered by precipitation 
with isopropyl alcohol. 

Acid hydrolysis of dextran and fractional precipita- 
tion procedures were performed on 5 per cent solutions 
of dextran and the per cent recovery was based on the 
quantity of dextran in solution prior to fractional pre- 
cipitation. The procedures used were modifications of 
those used by Ingelman and Halling (1950). 

All viscosity measurements were conducted at 25 ( 
using Fenske modified Ostwald Viscosimeters of various 
sizes. The relative viscosity was determined using 10 
ml of a 6 per cent dextran solution. The relative vis- 
cosity was obtained by dividing the time for the dextran 
solution to flow between two measured marks of a 
viscosimeter by the time for water. The intrinsic vis- 
cosity measurements were performed according to the 
procedure of Weissberger (1950). The intrinsic. vis- 
cosity (n) is defined as the limit of the specific viscosity 
divided by the concentration (nsp./c) as ¢ is extra- 
polated to zero concentration—that is, infinite dilution. 
The molecular weight was determined from the follow- 
ing expression: 


1.42 X 10° X (nm)? = Molecular Weight 


This formula was derived by M. K. Hamdy (1953 
(Department of Bacteriology) and Dr. Q. Van Winkle 
(Department of Chemistry) at The Ohio State Un- 
versity from light scattering experiments on dextrai 
samples of known intrinsic viscosities. 


RESULTS 

Growth studies with strains 683 and 48-13 were 
performed using the basic medium with varying con- 
centrations of yeast extract and casein hydrolysate. 
Figure 1 illustrates the growth patterns of L. meser- 
teroides obtained with the normal medium. As the 
concentration of yeast extract and casein hydrolysate 
was reduced the growth rate decreased. The total 
amount of growth was also directly related to the 
amount of nutrients available. The rate of increasing 
acidity as indicated by the pH curves corresponded 
very well with the growth curves. 

The rate of dextran formation from strains 683 and 
48-13 using the normal and “one-fourth nutrient”’ medi 
as shown in Figure 2 corresponded favorably with the 
growth curves. The rate of dextran formation was at its 
greatest in the normal medium at 10 hr, while the 
maximum yield was obtained at 22 hr. With “one-fourt! 
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24 hr 48 hr 24 hr 48 hr 48 hr 
Fic. 1. The rate of growth and acid production by Leuco- 683 Normal 3.95 | 3.75 | 79 68 600 
» were § Msloc mesenteroides in media with varying concentrations of One-fourth 6.25 | 5.4 36 88 410 
i iil nutrients consisting of yeast extract and casein hydrolysate. | 
hee (A) Normal Nutrients, (B) ‘‘Three-fourth Nutrients’’, 48-9 Normal was : 80 73 432 
HySsate § C) “One-half Nutrients”, (D) ‘“One-fourth Nutrients”, (E) One-fourth 6.35 | 5.75 | 10 74 255 
mesel- § “One-eighth Nutrients.” 
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reat : . . ae aad eer oF on, 
olysatBjunction with growth and, therefore, the faster the One-fourth 6.55 | 5.65) 26 | 61 170 
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iter about 24 hr. On the other hand, with “one- 


lourth nutrients”, the rate of growth was slower and * Media contained 10 per cent sucrose. 
2 Dextran yield expressed in per cent of available glucose. 
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hile the dextran formation did not come until 36 to 40 hr. The 
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greater number of sucrose molecules in the medium 
per unit time per enzyme unit yielding a dextran with 
lower relative viscosity. Therefore, it was reasoned by 
increasing the sucrose concentration, the number of 
sucrose molecules available per enzyme unit would be 
greater and thus an even lower dextran viscosity could 
be achieved. Table 2 illustrates the results obtained 
when the sucrose concentration was increased to 30 
per cent in normal and “one-fourth nutrient” media. 
Lower viscosities were obtained in ‘“‘one-fourth nu- 
trients’”’ at all sucrose concentrations and lower vis- 
cosities were achieved as the sucrose concentration was 


TABLE 2. The per cent recovery and relative viscosity of the dex- 
tran from normal and ‘‘one-fourth nutrient”? media containing 
10, 20 and 30 per cent sucrose after a 48-hour incubation 


period 
NORMAL NUTRIENTS “QNE-FOURTH NUTRIENTS” 
SUCROSE 
ee Per Cent* Relative Per Cent* Relative 
Recovery Viscosity Recovery Viscosity 
Strain 683 
10 per cent 72 540 83 320 
20 per cent 83 235 79 143 
30 per cent 79 115 74 60 
Strain 48-13 
10 per cent 61 172 68 98 
20 per cent 72 98 77 63 
30 per cent 82 62 79 28 


* Dextran yield expressed in per cent of available glucose. 


TaBLeE 3. The relative viscosity of the dextran produced by Leuco- 
nostoc mesenteroides, strain 48-13 from media containing 
varying concentrations of maltose 


RELATIVE VISCOSITY 


MALTOSE 
eee NORMAL NUTRIENT “ONE-FOURTH NUTRIENT” 
MEDIUM MEDIUM 

1 per cent 12.0 6.3 

2 per cent 5.9 3.4 

3 per cent 5.3 2.4 

4 per cent 4.0 2.2 

5 per cent 2.4 ce 


’ 


Media consisted of normal and ‘one-fourth nutrients’ 
with 30 per cent sucrose. 


increased. As would be expected, dextran with the 
lowest viscosity was obtained from media with 30 per 
cent sucrose and one-fourth the concentrations of yeast 
extract and casein hydrolysate. The per cent dextran 
recovered was always approximately the same regard- 
less of whether the normal or ‘‘one-fourth nutrient”’ 
medium was utilized. 

The effect of sucrose concentration probably was not 
due to osmotic pressure since similar osmotic pressures 
obtained by adding glycerol did not have any effect 
on the relative viscosities. 

The realization that increased sucrose concentration 


resulted in the reduction of dextran viscosity led us to 


the use of other carbohydrates in the medium i: con- 
junction with sucrose. Since dextran is made | ip of 
glucose units having 1,4 and 1,6 linkages, the carbo. 
hydrates used were maltose and dextran itself. 

Normal and ‘“‘one-fourth nutrient”? media were used 
with 30 per cent sucrose. Maltose was added to both 
media in varying concentrations, while dextrans of dif- 
ferent intrinsic viscosities obtained after fractional pre- 
cipitation procedures were used only with the “‘one- 
fourth nutrient”? medium. Strain 48-13 was used in all 
the following experiments with an incubation period 
of 3 days at 25 C. 

Tables 3 and 4 illustrate the lowering of the relative 
viscosity in an orderly manner. It is interesting to 
note that the dextran viscosity obtained through the 
use of maltose in ‘‘one-fourth nutrient” medium was 


TABLE 4. Effect of varying the quantity and intrinsic viscosity of 
the added dextran on the production of dextran 
RELATIVE VISCOSITY 


OF RECOVERED 
DEXTRAN 


MEDIUM* PLUS ADDED PER CENTT 
DEXTRAN RECOVERED 


(a) Intrinsic Viscosity of added Dextran: 0.05 


0.5 per cent dextran 119.5 2.07 
1.0 per cent dextran 122.5 1.82 
1.5 per cent dextran 108.0 1.76 
2.0 per cent dextran 129.6 1.65 


(b) Intrinsic Viscosity of Added Dextran: 0.135 


0.5 per cent dextran 94.1 3.38 
1.0 per cent dextran 70.7 2.90 
1.5 per cent dextran 69.8 2.49 
(c) Intrinsic Viscosity of Added Dextran: 0.215 
0.5 per cent dextran 101.6 3.97 
1.0 per cent dextran 123.0 2.90 


* Medium consisted of ‘‘one-fourth nutrients’”’ and 30 per 
cent sucrose. 
+ Dextran yield expressed in per cent of available glucose. 


roughly half that obtained in normal nutrient medium. 
This ratio was similar to the values obtained without 
the use of maltose. These results have been obtained 
repeatedly, allowing the fermentation to be controlled 
as desired. 

The results have confirmed the indications noted in 
the earlier experiments. By the addition of dextran and 
maltose, the reduction in viscosity was greatly et 
hanced. When a lower percentage of these materials 
were added to the media, the viscosity was relatively 
higher. As the content was increased the dextran vis 
cosity dropped. In addition to the quantity of added 
dextran affecting the relative viscosity of the final 
dextran product, the molecular weight of the added 
dextran also affected the final relative viscosity values 
By keeping the added dextran quantity constant, it wa 
seen that the addition of dextran with the smalles 
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intrinsic viscosity value (m 0.05) or (smallest average 
molecular weight) resulted in the production of a dex- 
tran product having the lowest relative viscosity. Since 
the yield of dextran was high, it may be assumed that 
the added dextran was incorporated into the newly 
formed dextran. 

The fact that a controlled fermentation was attained 
by bacterial synthesis led us to the production of dex- 
tran by enzymatic means. 

The results as illustrated in table 5 were similar to 
those derived from bacterial fermentation methods. As 
the sucrose concentration increased, the dextran vis- 
cosity decreased. The addition of maltose or dextran 
resulted in a sharp drop in dextran viscosity. The 
yield of dextran tended to be lower as the sucrose 


TaBLE 5. The enzymatic production of dextran from sucrose con- 
centrations ranging from 10 to 30 per cent and from substrates 
consisting of sucrose plus & per cent maltose and sucrose plus 
2 per cent dextran (Rel. Vis., 1.62) 


PER CENT* 
RECOVERED 


RELATIVE 
VISCOSITY 


SUBSTRATE 


10 per cent sucrose 61 785 

10 per cent sucrose + 5 per cent 34.8 87 
maltose 

10 per cent sucrose + 2 per cent 118.4 10.8 
dextran 

20 per cent sucrose 18.1 397 

20 per cent sucrose + 5 per cent 54.4 2.17 
maltose 

20 per cent sucrose + 2 per cent 49.3 5.14 
dextran 

30 per cent sucrose 12.6 316 

30 per cent sucrose + 5 per cent 35.7 1.92 


maltose 


30 per cent sucrose + 2 per cent 31.6 


dextran 


* Dextran yield expressed in per cent of available glucose. 


concentration was increased. (See also Koepsell eé al., 
1952.) 

Controlling a fermentation became an easy matter in 
attaining the desired viscosity of dextran. However, in 
order to determine what carbohydrate was best to use 
for the production of low molecular weight dextran and 
how much dextran was within the clinical molecular 
weight range, it was necessary to subject the dextran 
to fractional precipitation procedures. 

Figure 3 illustrates that the peak yield of 41.8 per 
cent (over 60 per cent of the total dextran recovered) 
with an average molecular weight of 1,700,000 was from 
the 30 per cent aleohol fraction of a normal dextran 
fermentation. Practically nothing was obtained in the 
next two fractions and the yield did not start to rise 
again until the 45 per cent fraction with 1.36 per cent 
yield having an average molecular weight of around 
41,000. No dextran within the clinical intrinsic vis- 
cositvy range of 0.235 was obtained. The yields from 


the higher alcohol fractions were not great and intrinsic 
viscosity measurements were not performed because 
experience had shown that the molecular weights would 
be too low for clinical use. These results then 
represented the molecular weight distribution of the 
dextran produced during the normal fermentation. 
The molecular weight distribution of all the dextrans 
produced with the aid of maltose showed the same 
pattern as that illustrated by figure 4. A high yield was 
obtained from the 30 per cent alcohol fraction. Prac- 
tically no dextran was obtained from the 35, 40, 45 and 
50 per cent alcohol fractions, thereby yielding no dex- 
tran within the clinical molecular weight range. The 
yield of very low molecular weight dextran rose sharply 
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Fig. 3. Fractionation results from a 5 per cent dextran solu- 
tion. The dextran used was obtained by fermentation from a 
‘“‘one-fourth nutrient’? medium with 30 per cent sucrose and 
had a relative viscosity of 15.7. 


in the 55 per cent alcohol fraction. It was therefore 
obvious that the desirable molecular sized dextran was 
not to be obtained by this method of production. 

The dextran sample with a relative viscosity of 15.7 
produced by the normal fermentation procedure de- 
scribed in figure 3 was partially degraded with hydro- 
chlorie acid and subjected to fractional precipitation 
procedures. 

Figure 5 illustrates the higher molecular weight dex- 
tran had been broken down to smaller units spread 
over a wide range of alcohol fractions. This partially 
degraded dextran yielded average molecular weights 
of 227,000, 56,800, 31,950 and 14,200 from the 30, 35, 
40 and 45 per cent alcohol fractions, respectively. The 
56,000 molecular weight fraction was within the clinical 
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dextran range and was 15.8 per cent of the total yield 
recovered. 
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Fic. 4. Fractionation results from a 5 per cent dextran solu- 
tion. The dextran used was obtained by fermentation from a 
“one-fourth nutrient’? medium with 30 per cent sucrose plus 3 
per cent maltose and had a relative viscosity of 2.5. 
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Fig. 5. Fractionation results from an acid hydrolyzed dex- 
tran with an initial relative viscosity of 15.7, yielding a final 
relative viscosity of 3.0. 


Figure 6 illustrates the results of fractionation pro- 
cedures on a dextran having a relative viscosity of 2.4 
produced upon the addition to the fermentation medium 
of a fairly homogeneous dextran having an intrinsic 





viscosity of 0.135. The yield from the 35 per cent al«ohol 
fraction was 34.6 per cent of the total dextran recoy ered 
with an average molecular weight of about 82,000, 
Many such experiments were performed and it was 
possible to alter the cultural conditions so thai the 
maximum yields obtainable were in the clinical range 
of 75,000 + 25,000 molecular weight. The yield of this 
type of dextran increased from practically nothing for 
a normal fermentation to more than one-third of the 
recoverable dextran by the addition of suitable dex- 
trans. This was more than twice the yield obtained by 
the acid hydrolysis method. 
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Fic. 6. Fractiontion results from a 5 per cent dextran solu- 
tion obtained by fermentation from a ‘“one-four nutrient” 
medium with 30 per centsucrose plus 1.5 per cent dextran (n= 
0.135). The relative viscosity of the fractionated dextran was 
2.49. 


DISCUSSION 


Dextran of any desired viscosity may be readily 
obtained by the addition of maltose and dextran to the 
culture medium. However, fractionation results have 
revealed that only through the addition of dextran was 
dextran obtained within the molecular weight range of 
75,000 + 25,000. The quantity and molecular weight 
of the added dextran employed was an important factor 
in determining the relative viscosity of the final dextran 
product as well as determining the distribution of the 
various molecular weight fractions. 

The use of added maltose and dextran in controlling 
the bacterial synthesis of dextran allows one to spect 
late on the sequence of events that occurs in the produc: 
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tion of large quantities of dextran within the clinical 
range. 

When mesenteroides is cultured in a 
normal nutrient medium, there is a rapid rate of growth 
after the initial lag phase with the total growth reach- 
ing its peak in 18 to 22 hr. Dextransucrase production 


Leuconostoc 


js also rapid, as indicated by the rate of dextran forma- 
tion which reaches its peak of production around 22 to 
2 hr. This dextran produced in a normal nutrient 
medium with 10 per cent sucrose results in a relative 
viscosity of about 600 with strain 683 and around 200 
with strain 48-13. 

When the nutrients consisting of yeast extract and 
casein hydrolysate are reduced to one-fourth the 
amount used in the normal medium, the growth rate 
of the organism is markedly diminished as is the rate 
of enzyme formation and dextran production. The final 
yield of dextran was approximately the same as that 
obtained from the normal medium but was of lower 
viscosity. In 10 per cent sucrose concentration, strain 
(83 produced a viscosity of 400 and strain 48-13 
about 100. The factor which determined dextran vis- 
cosity seemed to be the ratio of enzyme to substrate. 
The lower the ratio, the lower the viscosity of the 
dextran. In normal media a great deal of enzyme units 
were produced in a short time. When the growth rate 
was diminished, the number of enzyme units per 
sucrose molecule per unit time was correspondingly 
diminished. This apparent decrease in the enzyme-sub- 
strate ratio resulted in a slower rate of dextran forma- 
tion as well as a lower relative viscosity. It is entirely 
possible that the relatively greater number of sucrose 
molecules available per unit time affected the enzyme- 
substrate-product union so that the small dextran unit 
was displaced from the enzyme-product union and the 
enzyme forced to start a new chain from a new sucrose 
molecule. Repetition of this process would result in 
more chains being formed but of shorter lengths. The 
net effect would be to have greater quantities of lower 
molecular weight dextran with no change in the total 
yield recovered. Experimentally increasing the number 
of sucrose molecules (thereby reducing the relative 
number of enzyme units) resulted in the formation of 
dextrans of lower viscosities. 

A study of the effect of added maltose and dextran 
suggested itself upon the realization that the number 
of sucrose molecules present in the medium was the 
key in controlling the molecular weight. It can be 
considered that the addition of maltose and dextran 
provided the Leuconostoc organisms with a tremendous 
humber of possible starting units which resulted in the 
dextran relative viscosity values declining in an orderly 
manner to as low as 1.6. By the careful regulations of 
the quantity of maltose and dextran added to the 
sucrose medium, it was possible to control the fermen- 


tation and repeatedly obtain any desired relative vis- 
cosity within an extremely narrow range. 

The added materials actually were incorporated into 
the chain-forming process as indicated by dextran yields 
as high as 129 per cent based on the available glucose 
from sucrose. The greater the quantity added, the 
lower the viscosity and generally, the greater the quan- 
tity of dextran recovered. Controlling the molecular 
size was more easily accomplished with maltose than 
with dextran because of the homogenicity of the mo- 
lecular structure of maltose. 

Another factor affecting the viscosity of the polymer 
was the molecular size of the dextran added. The 
greater the molecular weight, the greater the viscosity 
of the final dextran product. Likewise, the smaller the 
molecular weight of the dextran added, the lower the 
viscosity. Therefore, it was apparent that the added 
dextran became part of the new dextran chains and that 
the reduction in viscosity was dependent upon the 
number of molecules available for polymerization. Even 
with the added maltose or dextran, the importance of 
the enzyme-substrate ratio previously referred to was 
still applicable. From this it seems that the average 
molecular weight of the final dextran product is de- 
pendent upon the ratio of product to enzyme as well 
as ratio of substrate to enzyme. 

Fractionation results have revealed that dextran 
within the clinical range may be readily obtained in 
yields as high as 35 per cent. The yields of different 
molecular weight fractions can be changed at will and 
it seems possible that a yield of 50 per cent having a 
molecular weight of 75,000 + 25,000 is not an un- 
reasonable expectation. The final yield of this type of 
dextran may be further increased by partially degrad- 
ing the high molecular weight dextran obtained from 
the fractional precipitation procedures. It would also 
be economically advantageous to use the undesirable 
low molecular weight dextran for the production of the 
desirable type dextran. 


SUMMARY 


The factors involved in the production of molecular 
sized dextran suitable for use as a blood volume ex- 
pander by direct fermentation were investigated. It was 
found that the Leuconostoc mesenteroides fermentation, 
which normally yields an extremely high molecular 
weight polysaccharide, could be altered so that a very 
low molecular weight dextran would result. By adjust- 
ing the environmental conditions, polymerization could 
be controlled so that any desired average molecular 
weight dextran may be formed. The lowering of the 
dextran viscosity was attained by (1) reducing the 
rate of growth by reducing the nutrient content of the 
medium, (2) increasing the sucrose concentration up 
to 30 per cent and (3) the addition of maltose and dex- 
tran. The final relative viscosity level attained de- 
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pended upon the quantity of the maltose and the dex- 
tran added as well as the average molecular weight of 
the dextran added. The combination of all three factors 
yielded dextran with a relative viscosity as low as 1.6. 
The decrease in viscosity occurred in an orderly manner. 

For the recovery of dextran of clinical size, only the 
addition of dextran was of any value. A yield of 34.6 
per cent of the recoverable dextran was attained, which 
was more than twice the recovery achieved by means of 
acid hydrolysis. 

In conclusion, a procedure for achieving a high dex- 
tran yield of molecular weight 75,000 + 25,000 by 
direct bacterial synthesis was successfully developed. 
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Sea water is a most appropriate environment for 
living cells, since it contains all of the chemical elements 
essential to growth and maintenance of plant and 
animal protoplasm. It is a buffered solution and con- 
tains probably all of the chemical elements although 
only about 50 have so far been detected. The ratios of 
the major salts to each other, and usually their total 
concentration also, are strikingly similar in sea water 
and in body fluids of plant and animal cells (Sverdrup, 
Johnson and Fleming, 1942). 

In the production of antibiotic substances by strep- 
tomycetes and molds, trace elements are necessary for 
good yields but the precise relationships are not clear 
(Chesters and Rollinson, 1951; Foster ef al., 1943; 
Jarvis and Johnson, 1950; Johnstone and Waksman, 
1948; Le Page and Campbell, 1946; Moyer and Coghill, 
1946; Principe and Thornberry, 1952; Reynolds and 
Waksman, 1948; and Woodruff, 1947) 


The ratio or balance of these elements to one another 
is very important. The stimulatory effect exerted by 
one element may be cancelled by an excessive amount 
of another (Johnstone and Waksman, 1948). Conversely 
the toxic effect of a certain element may be antagonized 
by the presence of a proper amount of another. 

Culture media for antibiotic production are generally 
prepared with regard to trace elements. These may 
possibly contain sufficient quantities of trace elements 
but not necessarily in optimum balanced concentration. 
On the other hand, certain media containing complex 
constituents such as beef extract, may contain excessive 
or toxic quantities rather than insufficient concentra- 
tions of trace elements (Chesters and Rollinson, 1951). 

In screening large numbers of organisms for anti- 
biotic activity, it is desirable to have a medium that 
will be properly supplemented with trace elements. 
Accordingly sea water was used as a constituent of 
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media for the cultivation of antibiotic-producing strep- 
tomycetes. 


MATERIALS AND METHODS 


With the exception of Streptomyces griseus, the organ- 
isms studied were random isolates of species of Strepto- 
myces from various soils which exhibited antagonistic 
properties. No attempt was made to identify the organ- 
isms. 

Test organism. Micrococcus pyogenes var. aureus A.T.- 
C.C. 6538 was used as the test organism for antibiotic 
activity. It was maintained in nutrient broth and trans- 
ferred daily. 

Sea water. The sea water was collected at a distance 
of at least two miles from shore and appeared to be 
visibly clear and free of particulate debris. It was 
filtered through paper, then subjected to vigorous aera- 
tion for’six days to oxidize any soluble organic matter 
and to stabilize the solution. The loss in volume was 
replaced with distilled water. The sea water was then 
stored at room temperature in tightly capped bottles 
and used as needed. 

Basal medium for antibiotic production. The basal 
medium used throughout this study had the following 
composition: Glucose, 10 gm; peptone, Difco, 5 gm; 
yeast extract, Difco, 3 gm; water, to make 1000 ml. The 
water consisted of (1) distilled water, (2) tap water, 
(3) distilled water with various concentrations of NaCl, 
and (4) distilled water with various concentrations of 
sea water. 

In all cases, except where 100 per cent sea water was 
studied, the ingredients were dissolved in a minimal 
amount of distilled water in order that sea water could 
be added to any desired concentration. Adjustment to 
proper volume was then made with distilled water. The 
pH was 6.5 to 6.7 without adjustment. The media were 
distributed in 125 ml quantities into 500 ml Erlenmeyer 
flasks, and sterilized at 15 lb pressure for 20 min. A 
slight precipitate developed in the 100 per cent sea 
water medium after sterilization; the media containing 
less sea water remained clear after sterilization. 

Preparation of inoculum. The inoculum was prepared 
by seeding a flask of basal medium, confaining distilled 
water without sea water, with a spore suspension of 
the organism, then agitating the flask on a Burrell 
wrist action shaking machine for 24 hr at 28 C. 

Antibiotic production. The flasks containing the differ- 
ent sea water media were inoculated with 1 ml of a 
24-hr vegetative growth culture of the streptomycete. 
Samples were removed aseptically after 72, 96, 120, and 
144 hr of incubation. The cell material was removed by 
centrifugation and the supernatant assayed for anti- 
biotic activity by a combination of the methods of 
McMahan (1944) and Joslyn and Galbraith (1950). 

Assay medium. The assay medium contained the 
following: Peptone, Difco, 5 gm; yeast extract, Difco, 


3 gm; glucose, 3 gm; distilled water, 1000 ml. The 
medium was sterilized in the autoclave at 15 lb pressure 
for 20 min. 

Method of assay. One ml assay broth was added to 
ach of a series of tubes. To the first tube was added 
1 ml of the antibiotic-containing supernatant and mixed, 
One ml from the first tube was transferred to the second 
tube and mixed. One ml from the second tube was 
transferred to the third tube. This was continued until 
a series of two-fold dilutions was prepared with 1 ml in 
ach tube. 

An 18-hr culture of Micrococcus pyogenes var. aureus 
in nutrient broth was diluted 8 times in assay medium 
and 0.2 ml of the dilution added to each 10 ml of assay 
medium contained in a flask. To each of the antibiotic 
dilutions was added 9 ml of this inoculated assay 
medium by means of a Brewer automatic pipette. The 
tubes were incubated at 37 C for about 514 hr, then 
placed in an ice kath to stop growth. After 10 min, | 
drop of 1 per cent formalin was added to each tube, and 
readings made for turbidity in a Cenco-Sheard-Sanford 
photometer! containing a No. 87309 B green filter. 


RESULTS 


The results are plotted on graphs 1 to 4 inclusive. 
The ordinates represent the percentage of light trans- 
mission in the inoculated broth and the abscissae the 
dilutions of the fermentation supernatants. 

The age of the fermentation sample used for analysis, 
as well as the code number of the organism, is indicated 
on each graph. The graphs shown for the individual 
organisms represent samples taken at a time when 
antibiotic production had reached its peak, although 
samples taken at other ages showed the same pattern. 

Ten different organisms of the genus Streptomyces 
were studied to show the effect of sea water on anti- 
biotic production, but the results of only four are 
presented here. One graph is shown for each organism. 
It can be seen that sea water was superior to (1) dis- 
tilled water, (2) tap water, and (3) distilled water with 
NaCl added. Of the ten organisms studied, only one 
gave slightly better antibiotic production in NaCl than 
in sea water. This is shown with organism SG MAIS. 
Tap water and distilled water were always inferior to 
sea water. 


DIscussION 


The results show that organisms of the genus Strepto- 
myces vary considerably in their reaction to sea water, 
some producing more antibiotic than others. In general, 
sea water is superior to sodium chloride, and consider- 
ably more so than either tap water or distilled water. 
The fact that sodium chloride is inferior to sea water 
when present in equivalent concentrations, would indi- 


1 Central Scientific Co., Chicago, Illinois. 
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eate that trace elements supplied by the latter play 
some important role in the metabolism of the organisms. 

This noticeable difference in antibiotic production 
shows that a medium prepared with distilled water or 
tap water and not properly supplemented with trace 
elements, if used in a survey, would give only a small 
percentage of organisms actually capable of producing 
antibiotic substances. Sea water appears to be a means 
of overcoming this deficiency by providing a balanced 
trace element additive. 

No attempt was made to determine the most effective 
concentration of sea water to be used. As seen from the 
graphs, this would vary for each organism, and, for the 
purposes of this study, it was not considered important, 
although according to the data presented, the optimum 
is generally around 40 per cent or perhaps higher. 

Likewise, no attempt was made to compare various 
types of culture media with the addition of sea water. 
Since only one basal medium was used in this study, 
this leaves open the question of the effect of various 
media constituents combined with sea water on anti- 
biotic production by a group of streptomycetes. 


SUMMARY 


It has been show that sea water is superior to sodium 
chloride, tap water, or distilled water for antibiotic 
production by a group of streptomycetes. This would 


indicate that certain trace elements present in sea 
water play an important role in the metabolism of the 
organisms. 


SEA WATER MEDIA EFFECT ON ANTIBIOTIC PRODUCTION 
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Of the 73 Streptomyces spp. described in the 1948 
edition of Bergey’s Manual of Determinative Bacteri- 
ology, 48 are listed as capable of hydrolyzing starch. 
Little, however, is known about the properties of the 
amylases of this group of organisms. Bois and Savary 
(1945) claim to have identified gentiobiose as a product 
of the amylolytic action of Streptomyces microflavus 
on wheat starch. Waksman (1950) reported that Suro- 
vaya obtained a potent amylase active at 70 to 100 
C and with an optimum at pH 6.6 to 6.7 from an 
organism described as Streptomyces diastaticus. None of 
the five amylases studied in the present investigation 
was found to be heat stable. 


MATERIALS AND METHODS 


Cultures. Four of the cultures used were Streptomyces 
cellulosae 3313, S. diastaticus 3315, Stretomyces griseus 4 
and S. microflavus 3332 of the Waksman collection. 
The fifth culture, a thermophile, was isolated from 
compost by starch enrichment. The organism grew and 
sporulated within 24 hr on potato-glucose agar at 45 
and 50 C and within 96 hr at 30 C. It did not grow 
at 60 C. The organism possessed branched, curved and 
spiraled hyphae and oval conidia in long chains. Growth 
of the thermophile at 45 C on a number of media and 
carbon sources was studied. It liquefied gelatin and 
produced a creamy-yellow ring of growth, but no solu- 
ble pigment in contrast to the gray ring and soluble 
pigment reported to be produced by Streptomyces ther- 
mofuscus. The isolate grew poorly on Czapek’s agar 
forming a thin spreading mycelium which was light 
brown in transmitted and gray in reflected light. Growth 
was abundant on potato and yellow to brown in color, 
later turning gray. No soluble pigment was produced. 
On tyrosine agar (Waksman 1919) the colonies were 
moist and yellow in color. The hyphae appeared to be 
deformed with club-like swellings at the tip and conidia 
were not observed. The organism was able to utilize 
glucose, fructose, galactose, mannose, lactose, sucrose, 
maltose, melibiose, 


cellobiose, raffinose, melezitose, 


mannitol, sorbitol, salicin, inositol, alanine, asparagin, 


' Published with the approval of the Director of the Wis- 
consin Agricultural Experiment Station. This work was sup- 
ported in part by a grant from the Pabst Brewing Co., Inc., of 
Milwaukee, Wisconsin. 

2 Present address: Prairie Regional Laboratory, National 
Research Council, Saskatoon, Sask., Canada 


tyrosine, creatine, uracil, sodium lactate, sodium citrate, 
starch, glycogen or dextrin, as the sole source of organic 
carbon in a synthetic medium. Growth on starch or 
glycogen, but not dextrin in the synthetic medium was 
characterized by the formation of a black pigment. 
Arabinose, rhamnose, xylose, adonitol, dulcitol, glycine, 
sodium benzoate, sodium hippurate, sodium oxalate, 
or sodium propionate were not utilized. 

These five streptomycetes were preserved in tubes 
of sterilized soil. 

Measurement of amylase activity 

Dextrinogenic activity was determined by a modifi- 
cation of the method of Sandstedt, Kneen and Blish 
(1939) in which the beta-amylase treated substrate 
was replaced with an untreated substrate. This allowed 
both saccharogenic and dextrinogenic analyses to be 
made on the same substrate and permitted direct com- 
parison of these two activities. Also, the standard KI-I, 
reagent was replaced with a KI-KIO; reagent. This 
permitted the inactivation of the enzyme with acid, and 
when convenient, addition of the KI-KIO; reagent and 
comparison of the resultant colors with the standard 
varnish, red-brown end point (Redfern, 1947) in a 
Hellige comparator. The gelatinized substrate, con- 
sisting of 1 per cent soluble starch according to Lintner’ 
and 0.15 M phosphate buffer, was routinely prepared 
for each day’s investigations. Ten ml of this were used 
per 30 ml of reaction mixture. Enzyme (1 to 5 ml) and 
water made up the remainder of the volume. When the 
reaction approached the end point as determined by 
tests on a spot plate, 1 ml samples were withdrawn at 
one min intervals until the end point was passed and 
added to 1 ml of HC! (0.5 nN). Ten min before reading 
4 ml of KI-KIO; reagent (50 g KI and 0.0309 g¢ KIO;/ 
liter) were added. 

The Dextrinizing Unit (D unit) was defined as the 
amount of enzyme that would convert 1 mg of starch 
to the red-brown end point in 60 min at 30 C. Approx- 
imately 200 D units were found to be equivalent to the 
alpha-amylase unit of Sandstedt, Kneen and Blish 
(1939). 

The saccharogenic activity was determined by meas- 
uring the amount of reducing compounds released by 
the action of the enzyme. After thorough mixing of the 
enzyme and substrate, a zero time sample (1.0 ml) was 


3 Merck & Co., Inec., Rahway, New Jersey. 
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withdrawn and pipetted directly into 5.0 ml of sugar 
reagent (Somogyi, 1945). This effectively stopped en- 
zymatic activity. At suitable intervals, additional sam- 
ples were taken and the reducing equivalents calculated 
as maltose. For each enzyme preparation data were 
obtained relating the production of reducing compounds 
with time. A calibration curve was then prepared which 
expressed activity in terms of equivalent enzyme con- 
centration. The Saccharifying Unit (S unit) was defined 
as the amount of enzyme that would release 1.0 mg of 
reducing compounds calculated as maltose from the 
standard substrate in 60 min at 30 C. 

For the separate determination of dextrin, maltose 
and glucose, the selective fermentation method with 
baker’s yeast was employed (Somogyi, 1937). 

Except where otherwise indicated, determinations of 
the activities of the amylases of S. cellulosae were done 
at pH 6.5, of S. diastaticus, S. griseus and S. microflavus 
at pH 6.75, and of the thermophile at pH 6.0. These 
values were selected after a preliminary determination 
of the pH optima. 

Growth was followed by determining the volume of 
wet cells. Ten ml of culture were added to 1 ml of HCl 
(6 N) in a graduated conical tube, centrifuged for ten 
min and the volume of cells read directly. 


EXPERIMENTAL RESULTS 


Production of Amylase. The possibility of developing 
a medium for amylase production with a synthetic 
medium as a base was investigated with S. griseus as the 
test organism. Three synthetic media developed for 
production of streptomycin and known to support good 
growth of S. griseus were compared. The medium of 
Saunders (1950) was superior to that of Dulaney (1948) 
and the latter superior to that of Thornberry and 
Anderson (1948) for the production of amylase. The 
amount of enzyme produced in all these media was 
very low (2 to 10 D units per ml). Since there is some 
question about the availability of nitrate nitrogen for 
S. griseus in Saunders’ medium (Cochrane, 1950), and 
ammonium nitrogen in the medium between the 36th 
and 60th hour of incubation was 10 ppm or less, it 
appeared that the yield of enzyme could be improved 
by raising the level of available nitrogen. 

Accordingly, nitrogenous supplements were added 
to Saunders’ medium in concentrations to approximate 
the addition of 0.5 g of nitrogen per liter. Peptone 
(0.35 per cent), casitone (0.46 per cent) and phytone 
(0.58 per cent) stimulated the production of amylase 
(figure 1). Casamino acids and yeast extract (0.62 
per cent) were less effective but superior to ammonium 
chloride. Inositol at 0.001 per cent was also beneficial 
(Kiser and MacFarlane, 1948). The medium finally 
adopted for routine use consisted of 


Corn starch. . 
Peptone (Difco) 
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For the mesophiles, the inoculum was prepared by 
transferring a minute amount of soil from a soil stock 
to 50 ml of inoculum medium (production medium with 
the concentration of starch and calcium carbonate re- 
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Fic. 1. The effect of nitrogenous supplements on the pro- 
duction of amylase. 


duced by one half and the sodium lactate omitted to 
avoid a high pH) in a 250 ml Erlenmeyer flask. This 
was incubated at 30 C on a rotary shaker (350 rpm) for 
24 hr. One ml served as inoculum for 75 ml of production 
medium contained in a 500 ml Erlenmeyer flask. These 
flasks were likewise incubated on the rotary shaker. 
For the thermophile, the procedure was essentially the 
same. The temperature of incubation, however, was 
40 C, and 50 ml of medium in 250 ml Erlenmeyer flasks 
were used on a New Brunswick rotary shaker with a 
speed of 200 rpm. 

The enzyme was harvested by pooling the contents 
of the flasks and neutralizing with HCl or NaOH (6). 
Centrifugation at 40,000 rpm with the clarifier bow] of 
a Sharples supercentrifuge removed the cells and de- 
bris. The preparation was preserved with 50 ug of strep- 
tomycin (calcium chloride complex) per ml, a few 
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drops of toluene, and stored at 1 to 2 C. The strepto- 
mycin did not affect either the saccharifying or dex- 
trinizing ability of the preparations. When it was found 
that the activity and stability of these preparations 
were improved by calcium ions, CaCl, was also added. 

All preparations from S. diastaticus had to be concen- 
trated. Concentration either by evaporation under vac- 
uum below 30 C or by ultrafiltration through a nitro- 
cellulose membrane was successful. 

The relationships of relative growth, pH, and enzyme 
production with time are shown in figure 2. The medium 
became starch negative to iodine sometime between 
12 and 24 hr. Cell volume was maximum at 48 hr and 
quickly declined. Some fragmentation of the mycelium, 
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Fic. 2. Relationship of growth, pH, and production of 
amylase by Streptomyces griseus. 


however, was evident in stained smears at 40 hr. The 
peak amount of amylase was reached at 52 to 56 hr and 
likewise quickly declined, probably because of the ris- 
ing pH and release of proteolytic enzymes. When cells 
harvested after 48-hr incubation were washed twice 
with distilled water and ground with glow beads only a 
trace of amylase was obtained. This indicated that the 
major part of the amylase was excreted into the me- 
dium. 

The same general pattern of thick, mushy growth 
with rapid autolysis coincident with peak amylase pro- 
duction, was observed with S. cellulosae and S. micro- 
flavus. S. diastaticus, however, grew in shake flasks in 
minute pellets with a lesser tendency to autolyze. It 
also produced more acid, as evidenced by a drop in pH 
to 5.0 in 24 hr. Fair yields of amylase were obtained 


from this organism only when the medium was bufi: ved 
with a large excess of calcium carbonate. With the 
thermophile, the peak of amylase production occurred 
at 36 to 40 hr and the decline in activity was less 
marked than with the mesophiles. Growth was noi as 
heavy as that of the meosphiles and the tendency to 
autolyze after exhaustion of nutrients appeared to be 
midway between that of S. diastaticus and S. griscus, 

The adaptive nature of the amylase. Each organism 
was transferred from soil stock to three agar sl:ants 
containing the minerals of the inoculum medium with 
starch, maltose, and glucose, respectively, as the carbon 
source. The organisms were transferred from the slants 
to inocula media and thence to production media con- 
taining the respective carbohydrate. Duplicate flasks 
were withdrawn at appropriate intervals and the con- 
tents assayed for dextrinizing activity. Very little amy- 
lase was produced by any of the five organisms on glu- 
cose, considerably more was produced on maltose, and 


TaBLeE 1. Effect of carbon source on the production of amylase 


D UNITS* PER ML OF 
CULTURE FILTRATE 


ORGANISM 

Glucose Maltose Starch 
Streptomyces cellulosae 3 12 120 
S. diastaticus eae oe 2 7 42 
S. griseus ben : 8 30 105 
S. microflavus eae 5 100 73 
Thermophile bial ese 1 90 171 


* Dextrinizing unit equals the amount of enzyme necessary 
to convert 1 mg of starch to the red-brown end point in 60 min 
at 30 C. 


with the exception of S. microflavus, the largest amount 
of amylase was produced on starch (table 1). 

Maltase activity. Each culture filtrate prepared for 
study of its action on starch was first tested for its 
activity on maltose. Usually 5 ml of the preparation to 
be tested were added to a reaction mixture containing 
10 ml of 0.9 per cent maltose monohydrate, 5 ml of 
0.6 m phosphate-succinate buffer, and 10 ml of water. 
The tests were conducted at 30 C at pH 5, 6 and 7, and 
reducing values determined on one ml aliquots of the 
reaction mixture at 0, 1 and 2 hr. A control containing 
boiled enzyme, and a second control containing 25 mg 
of Mylase P* were incubated with each test. Mylase P 
converted about 15 per cent of the maltose to glucose 
within one hour at pH 6.0. 

None of the preparations from the mesophiles showed 
any maltase activity when either starch or maltose was 
the substrate. One preparation from the thermophile 
exhibited weak maltase activity, but this preparation 
was not further investigated. 

The effect of various buffers on the activities of the 
amylase preparations. The activities of the amylase 
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preparations in reaction mixtures buffered with 0.1 m 
concentrations of various salts were compared. Acetic 
acid, citric acid, monopotassium phosphate, monopotas- 
sium phthalate, glycine, and succinic acid were adjusted 
to pH 6.5 with potassium hydroxide or hydrochloric 
acid and diluted to a concentration of 0.3 m. Ten ml of 


TABLE 2. Effect of buffers on amylase activity 


BUFFERS (0.3 M; pH 6.5) 
ORGANISM 


Gly- Ace- Phos- | Succi- | Phthal- 


cine tate phate nate ate Citrate 
D units* per ml of preparation 
Streptomyces cellulo- 

Ee ae eee 100 95 95 91 87 54 
S. diastaticus... . 53 - 52 — - 35 
S. griseus. .... 80 80 69 70 61 | Trace 
S. microflavus . . 95 74 77 69 71 0 
Thermophile. .... 105 = 100 80 87 74 64 

S unitst per ml of preparation 
S. cellulosae...... 32 30 28 29 27 17 
S. diastaticus...... 16 16 — — 12 
BO OrIROUR 6. sch 25 25 23 23 19 0.6 
S. microflavus..... 29 23 22 21 19 0 
Thermophile........ 32 27 23 23 22 18 


* Dextrinizing unit equals the amount of enzyme necessary 
to convert 1 mg of starch to the red-brown end point in 60 min 
at 30 C. 

t Saccharifying unit equals the amount of enzyme that 
would release 1.0 mg of reducing compounds calculated as 
maltose from the standard substrate in 60 min at 30 C. 


TaBLE 3. The effect of calcium chloride on dextrinization 


ENZYME, ML 


CaCle oes 3 
ORGANISM ADDED, | 9 | 1.9 | 2.0 | 5.0 
MG 
Product of enzyme 
concentration and time 
Streptomyces cellulosac 0 55) 54) 56) 55 


2.0 48 49 50) 50 


S. diastaticus 0 — 
2.0 106 | 109 | 108 | 110 


S. griseus 0 127 | 65) 60) 60 
2.0 62) 61) 60) 60 
S. microflavus 0 81) 69 | 68) 65 
2.0 68 | 63) 66) 65 
Thermophile 0 80 | 79 | 66) 65 
2.0 61 62 60 


62 


Enzyme X time product relationship. The constancy of 
the product of enzyme concentration and digestion time 


TABLE 4. Effect of calcium chloride on saccharification 


ENZYME, ML 


CaCle . 

ORGANISM ADDED | 95 | 1.0 | 2.0 | 5.0 
MG 
maltose, mg* 

Streptomyces cellulosae 0 21 22 | 21 .2 
2.0 28 28 28 28 
S. diastaticus 0 —|—-|-| - 
2.0 13) Th 11 
S. griseus 0 | 15| 20) 21} 21 
2.0 | 20} 20; 20; 20 
S. microflavus 0 16 18 | 18; 20 
2.0 18 19; 18| 18 
Thermophile 0 17; 18| 19) 2 


2.0 19; 21 | 20) 21 
* Amount of maltose released when product of concentra- 
tion of enzyme and time of action equaled 50. 






















these were used to buffer the reaction mixtures. Since 
some of these have little or no buffering action at this 
pH, the enzyme preparations were also adjusted to 
pH 6.5. 

Highest amylolytic activity was obtained in the pres- 
ence of glycine. Acetate, phosphate, and succinate buf- 
fers were next in order. Phthalate and citrate were 
decidedly inhibitory (table 2). 
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Fic. 3. The effect of pH on saccharifying and dextrinizing 
activities of amylase preparations from Streptomyces cellu losae, 
S. griseus, and S. diastaticus. 


was determined on the same reaction mixtures for 
both dextrinization and saccharification. That the prod- 
uct decreases with increasing concentration of enzyme 
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suggested that certain activators may have been diluted 
below critical levels (table 3). 

Calcium was suspected of being the critical ion, 
since it has been observed to have a stabilizing effect on 
a number of alpha-amylases. Also the depressive effects 
of citrate, phthalate, and phosphate buffers previously 
observed might be explained by their ability to with- 
draw calcium ions from solution. Calcium chloride (2 
mg) was therefore added to the reaction mixture. In 
its presence the product of enzyme concentraticn and 
dextrinization time was restored to a constant relation- 





T T q T q 


30- SACCHARIFICATION a 








S.MICROFLAVUS 


THERMOPHILE 





120+ DEXTRINIZATION 5 


S.MICROFLAVUS 


ITS PER ML OF AMYLASE PREPARATION 


' 
. 


Un 


THERMOPHILE 


Bey 
oO 
T 











j i 
5 6 7 8 9 
pH 
Fic. 4. The effect of pH on saecharifying and dextrinizing 
activities of amylase preparations from Streptomyces micro- 
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ship (table 3). In addition, there was some stimulation 
of activity, particularly with S. cellulosae. 

For saccharification the relationship was determined 
by measuring the amount of maltose released after a 
reaction time inversely proportional to the concentra- 
tion of enzyme. Dilution of the enzyme again resulted 
in a drop in activity which was corrected by the addi- 
tion of calcium chloride (table 4). Sodium chloride did 
not have an activating effect on either dextrinization 
or saccharification. 

Calcium chloride, but not sodium chloride, enhanced 
the stability of the amylase of S. griseus toward heat. 
After treatment of the amylase at 45 C for ten min in 
the presence of 1 per cent calcium chloride, 67 per cent 
of the saccharifying activity was destroyed, whereas 


with 1 per cent sodium chloride, 83 per cent of ‘he 
activity was destroyed. 

The effect of pH on enzyme activity. The effect of pH 
Was measured at pH values from 4 to 9. A seric. of 
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Fig. 5. The effect of pH on the stability of the amylases of 
Streptomyces cellulosae, S. griseus, S. microflavus, and the 
thermophile. 


TaBLe 5. The effect of holding the amylase preparation for 10 
min at various temperatures on the stability of the enzyme 


TEMPERATURE, C 
ACTIV TY 

ORGANISM MEAS 30 | 35 | 40 | 45 | 50 | 60 | 70 | 80 
URED ! ! y ! ' 


Units of activity remaining 


Streptomyces cel- D* 136, 136; 133) 100, 63 \trace| 0 


lulosae St 42! 41) 40; 29; 19 |trace| 0 
S. griseus D 60| 58; 55) 1€'trace| 0 
Ss 19| 18; 17 6 trace 0 
S. microflavus D 82} 81) 80 75 31 |trace| 0 
Ss 24; 23) 22) 21 9 |trace| 0 
Thermophile D 92} 92) 92) 92) 92) 92) 67) 0 


5 24; 24) 24) 25) 25) 25] 20) 0 


* —D refers to dextrinization 
+ S refers to saccharification 


0.3 M potassium phosphate-succinate-glycinate buffers 
were made to cover this range at intervals of 0.5 pH 
units. The buffered substrate was made by mixing 10 
ml of the prepared buffers with 10 ml of 1 per cent 


gelatinized starch and the required amount of water. 
The quantity of enzyme used was the same for all pH 
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values and was chosen such that at pH 6.5 the dextrin 
end point was reached in about 20 min; the amount 
required was 300 D units. The actual pH values of 
the reaction mixtures were determined at the end of the 
assay. 

The data from this experiment are reported graph- 
ically in figures 3 and 4. For each enzyme the optimum 
pH for dextrinization and saccharification is the same. 
In addition, when the ratio of D units to S units was 
calculated, it was found to be constant over the entire 
pH range. The optimum pH for the amylase of S. 
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Fic. 6. The relationship of substrate concentration to 
saccharification. 


cellulosae is about 6.5, for S. diastaticus, S. griseus and 
S. microflavus about 6.75, and for the thermophile about 
pH 6.0. 

The effect of pH on enzyme stability. Two ml of a 
0.3 M potassium phosphate-succinate-glycinate buffer 
at pH 7.0 were added to ten ml of enzyme preparation in 
a series of small beakers. Appropriate amounts of dilute 
HCl or NaOH were added to adjust the pH to various 
values between pH 3 and 10. After holding at 30 C for 
20 min, the required amount of dilute acid or alkali 
Was added to return the pH to neutrality. Suitable 
alijuots of these were then tested for activity. 


The optimum pH for stability of the amylases of all 
the organisms and for both dextrinization and sac- 
charification activities was pH 7.0 at which pH there 
was no loss in 20 min (figure 5). Again the ratio of D 
units to S units was found to be constant over the pH 
range used. 

The effect of temperature on enzyme stability. For the 
determination of the effect of temperature on enzyme 
stability, tubes containing 15 ml of enzyme preparation 
at pH 7.0 were placed in a boiling water bath until the 
desired temperature was reached and then held at that 
temperature for ten min in a second water bath. After 
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Fic. 7. The relative amounts of glucose, maltose, and dex- 
trins produced by amylases of Streptomyces griseus and the 
thermophile. 


treatment, the tubes were cooled in an ice bath. Analy- 
ses were made immediately at 30 C on suitable aliquots. 
The amylases of the mesophiles in the crude state 
were quite sensitive to heat. They were rapidly inacti- 
vated at temperatures between 50 and 60 C within ten 
min. The amylase of the thermophile, on the other 
hand, was rapidly inactivated only at temperatures 
between 70 and 80 C (table 5). 
The ratio of D units to S units was also observed to 
be constant after treatment of the enzyme with heat. 
The effect of inhibitors on enzyme activity. 1,2 ,3 ,4,5,6- 
hexachlorocyclohexane® was not inhibitory to any of 
5 Gammexane, Imperial Chemical Industries, Ltd., London, 
England. 
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the five amylases as tested by the procedure of Lane 
and Williams (1948). Both dextrinization and sacchari- 
fication were unaffected. Similarly, cyanide did not 
inhibit the streptomycete amylases although it com- 
pletely inhibited Wallersteins’ beta-amylase (Roy and 
Underkofler, 1950). The amylase inhibitor of Leoti 
sorghum prepared by the method of Miller and Kneen 
(1947) also did not inhibit the amylases of the strepto- 
mycetes. Salivary amylase was inhibited. An amylase 
inhibitor from wheat, however, completely inhibited 
the amylases of the five streptomycetes. This inhibitor 
was prepared by the procedure of Militzer, Ikeda, and 
Kneen (1946) and was used at a concentration of 0.5 
mg per 30 ml of reaction mixture. 

Effect of substrate concentration. To determine the 
effect of substrate concentration on amylase activity 
the concentration of starch was varied from 0 to 0.2 g 
per 30 ml of reaction mixture and 200 D units of enzyme 
were used. The data reported in figure 6 represent the 
amount of maltose released within 30 min. For each 


TaBLe 6. Extent of starch hydrolysis by the amylases of some 
streptomycetes 


RELATIVE PROPORTIONS 


DEGREES OF OF PRODUCTS 


AMYLASE SACCHARI- 
FICATION* 
Glucose  Maltose Dextrinst 
Streptomyces cellulosae. . . 103 8 62 30 
i ee ee 99 5 60 35 
i MNCHONOUME. 5.1.5.5. 108 4 69 27 
ahermopnile............ 95 2 80 18 


* Total reducing power calculated as maltose and expressed 
as per cent of theoretical maltose. 
t By difference. 


of the four organisms studied the maximum rate of 
activity was attained at a substrate concentration of 
0.08 to 0.1 g of starch per 30 ml of reaction mixture 
(figure 6). The values determined by the method of 
Lineweaver and Burk (1934) for the Michaelis Con- 
stants ranged from 0.03 to 0.04 per cent starch. 

Rate of saccharification. Since glucose and reducing 
dextrins are produced in addition to maltose, the selec- 
tive fermentation method with baker’s yeast was em- 
ployed to determine proportions of these products in 
the reaction mixture. The amylase preparations of S. 
griseus and the thermophile were used. The reaction 
mixture consisted of 2000 D units of enzyme, 100 ml of 
buffered substrate, and water to make a final volume 
of 300 ml. This ten-fold increase in volume of the 
reaction mixture allowed the withdrawal of 25 ml sam- 
ples for analyses. The reducing power of the products 
found in one ml of the reaction mixture as represented 
by ml Nn/200 thiosulfate were plotted against time 
(figure 7). 

The degree of starch conversion. For the determination 
of the maximum extent of action of the amylases on 


starch, sufficient enzyme was added to the standard 
reaction mixture to convert it to the dextrin end joint 
in 12 min. This was equivalent to 500 D units. Appro- 
priate controls containing known amounts of glu ‘ose 
and maltose were also prepared. As a precautioiary 
measure because of the long incubation period, on. ml 
of toluene was added to the reaction mixture in pre- 
sterilized boiling tubes. The enzyme was allowed to 
act on the substrate for 20 hr at 30 C. A zero time sam- 
ple was obtained by adding the same amount of enzyme 
to a reaction mixture containing, in addition to the 
substrate, 10 ml of 3 N H»SO, to inactivate the enzyme. 
Analyses, by the yeast fermentation method were made 
for glucose, maltose, and reducing dextrins. The data 
(averages of duplicate reactions) obtained are given in 
table 6. 


DISCUSSION 


The production curves obtained for the amylases of 
the streptomycetes find a close parallel in those observed 
for the amylases of Bacillus macerans, Bacillus poly- 
myxa and Aspergillus niger (Hale and Rawlins, 1951; 
Crewther, 1950; Shu and Blackwood, 1951). Tilden and 
Hudson (1942) attributed the sudden appearance of 
the amylase of B. macerans in the culture medium to 
autolysis of the bacteria. However, Hale and Rawlins 
(1951) by breaking the cells with a variety of methods 
were not able to obtain more enzyme from the cell 
mass. This also appears true for the streptomycetes, 
since the washed cells harvested from a 48 hr culture of 
S. griseus did not release appreciable amylase when 
ground with glow beads. The coincidence of amylase 
production and initial autolysis with the streptomycetes 
does suggest some correlation, but the peak may depend 
merely on the amount of cellular matter available for 
excretion of enzyme. 

Calcium ions stabilized the amylases of the strepto- 
mycetes whereas chloride ions had no effect. In this 
respect they are similar to the alpha-amylases of malt 
and A. oryzae, but apparently differ from the alpha- 
amylases of Bacillus subtilis and animals whose am- 
ylases are activated by chloride ions. 

Although the optimum pH for activity of the am- 
ylases of the streptomycetes studied (pH 6-7) corre- 
sponds to those of other bacterial alpha-amylases, the op- 
timum pH range for stability was much narrower. With 
the exception of the thermophile, whose amylase was 
stable to pH 5.0, the amylases of the mesophiles were 
rapidly inactivated below pH 5.5 and above pH 7.0. 
The amylases of the mesophiles were relatively thermo- 
labile, being rapidly inactivated at temperatures of 
50 to 60 C. Although the amylase of the thermophile 
was more stable to heat, it was still not as stable as the 
amylase of S. diastaticus as reported by Waksman 
(1950). Unfortunately, the particular strain of S. dia- 
staticus used in this study was not a good amylase 
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producer, hence its amylase was not studied in detail. 
Those tests that were made indicated the enzyme was 
inactivated at 50 C. 

The saccharification curves obtained for the amylases 
of the streptomycetes were smooth curves like those 
of animal and microbial amylases. There was no sharp 
distinction between the dextrinization and saccharifica- 
tion phases. When the alpha-amylase of malt and of 
Aspergillus oryzae cease to act on starch, about 20 per 
cent of the substrate remains as limit dextrins. With 
pancreatic and salivary amylases about 25 and 27 per 
cent remains respectively (Hopkins, 1496). After 20 
hr of action by the amylase of S. cellulosae and S. 
griseus, about 30 and 35 per cent of the substrate re- 
mained as dextrins. These values are high and may 
not represent a true limit of hydrolysis. With the amyl- 
ase of S. microflavus, 27 per cent, and with the thermo- 
phile 18 per cent of the substrate remained in the form 
of dextrins. Thus the limits of hydrolysis of starch by 
the amylases of the streptomycetes are in the range 
given for other alpha-amylases. 

In addition to the above mentioned similarities be- 
tween the amylases of the streptomycetes and other 
alpha-amylases, the ratio of Dextrinizing units to Sac- 
charifying units was constant throughout inhibitor, 
pH, and temperature stability studies. The occasional 
exceptions did not appear to follow any set pattern and 
were attributed to faulty technique. It is extremely 
unlikely that a beta-amylase of the type found in 
cereals is present since cyanide was not inhibitory. The 
five Streptomyces spp. studied in this investigation are 
therefore believed to produce a single amylase of the 
alpha type. 


SUMMARY 


Streptomyces cellulosae, Streptomyces diastaticus, Strep- 
tomyces griseus, Streptomyces microflavus and a thermo- 
philic streptomycete produced an adaptive amylase. 
Very little amylase was detectable in the culture fil- 
trates until 24 to 36 hours after the medium became 
starch negative to iodine. At this time the amount of 
amylase released into the medium rose quickly to a 
peak and then rapidly declined. The peak amount 
occurred just after the cell volume reached a maximum. 
The decline coincided with autolysis of cells and a 
rise in pH. The culture filtrates did not possess maltase 
activity, nor could maltase be detected in filtrates from 
cultures grown on maltose. 

Maximum amylolytic activity of the filtrates was 
obtained with glycine buffer. Slightly less activity was 
obtained with acetate, phosphate, and succinate buffers, 
while citrate and phthalate were inhibitory. The enzyme 
X time product relationship was constant only in the 
presence of an excess of calcium. Calcium also stabilized 
the amylase of S. griseus toward heat. The enzymes of 


all five organisms at 30 C were most stable at neutrality. 
The optimum pH range for activity was from 6.0 to 
7.0 for the mesophiles and 5.0 to 6.75 for the thermo- 
phile. The amylases of the mesophiles were destroyed 
by holding at 60 C for 10 min, and that of the thermo- 
phile at 80 C for 10 min. Neither gammexane nor potas- 
sium cyanide was inhibitory. Whereas the amylase 
inhibitor from wheat inhibited the amylases of the 
five streptomycetes, that from Leoti sorghum did not. 
From the above mentioned characteristics, it is believed 
that all five streptomycetes produce a single amylase 
of the alpha type. 
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Placing and incubating a split barley seed on the 
surface of a starch-gelatin medium in a glass dish, 
Wijsman in 1889 demonstrated the presence of two 
starch-hydrolyzing enzymes diffusing with different 
velocities through the gel and yielding different end 
products (Van Klinkenberg, 1934). Since then, micro- 
biologists have used the principle of this procedure to 
demonstrate the presence of amylase in cultures of mi- 
croorganisms. Techniques used in the assay of antibio- 
tics have been applied to the Wijsman method estimat- 
ing quantitatively the potency of fungal, pancreatic and 
serum amylase (Lulla and Sreenivasaya, 1946; Sher- 
wood, 1947; Sherwood, 1951; Goodman 1950; Tama- 
gawa, 1951; Simonart and Yii Chow, 1951; Kotake, 
Koaze and Saito, 1952; Dingle, Reid and Solomons, 
1953). The enzyme solution was placed into agar wells 
or into penassay cylinders or it was applied to paper 
dises. It was allowed to diffuse under controlled condi- 
tions of temperature and time. Upon flooding the sur- 
face with a diluted iodine solution, clear circles of 
hydrolysis became visible. Depending on the method, 
the concentration of the starch ranged from 0.1 to 3.6 
per cent, that of the agar from 0.8 to 2.0 per cent, the 
amount of substrate per Petri plate from 5 to 25 ml., 
the temperature of incubation from 30 C to 45 C and 
the time of incubation from 12 to 24 hr. Also, the type 
of starch, presence or absence of disinfectants, and the 
method of applying the enzyme, as well as its amount 
and concentration, differed from investigator to in- 
vestigator. However, regardless of the method, the 
diameter or the area of the circle of hydrolysis, within 
limits, was always related to the potency of the amylase. 
The use of the Wijsman method for the estimation of 
the potency of bacterial alpha amylase has not yet 
been reported. 

It was the purpose of this investigation to study 
critically various treatments conceivably influencing 
the rate and the extent of the hydrolysis of soluble 
starch by a bacterial alpha-amylase preparation, so as 


to be able to make recommendations that will help 
toward the establishment of a standard experimental 
procedure to be used in testing the potency of bac- 
terial alpha amylase. 


GENERAL CONSIDERATIONS 


Factors affecting the substrate, the enzyme solution, 
and the ensuing reaction were studied by (I) varying 
the concentrations of the starch and of the agar, the 
amount of substrate per Petri plate, and the type and 
concentration of different buffers, as well as the pH; 
(11) varying the concentration, the amount per paper 
disc, and the method of applying the enzyme solution; 
and (III) varying the time and the temperature of 
incubation, respectively. 

Each of these factors was used at different levels and 
tested in different combinations. Since it was not ex- 
pedient to vary all levels of all factors simultaneously, 
appropriate groupings were made of the factors for 
study so that the influence of the interactions that were 
considered important a priori could be studied. Studies 
were conducted for two different purposes: (1) to de- 
termine the optimum level to be used for the several 
factors in experiments determining the potency of the 
amylase and (2) to determine the relationship that 
exists between the various factors involved in such 
experiments. 

The experimental design used to test the effects of 
various levels of each factor on the efficiency of the 
experiment and to determine the potency of the amylase 
was of the usual factorial type. Since every test for 
homogeneity of the variance (Snedecor, 1946) failed 
to disclose a lack of homogeneity of the variance ob- 
served within the various factorial levels, treatments 
yielding the largest zone diameters were considered to 
be the most sensitive as far as potency determination is 
concerned. This homogeneity of experimental error can 
probably be attributed to the restriction placed upon 
the range of a variable to those values that were ex- 
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perimentally feasible. Even with this restriction, how- 
ever, cases did arise in which the most sensitive com- 
bination of levels of factors according to the maximum 
zone criterion is not to be recommended since the levels 
involved values on the periphery of experimental feasi- 
bility. For example, although agar concentrations be- 
low 1.0 per cent and starch concentrations below 0.2 
per cent yielded the larger zone diameters, the use of 
semisolid agar and of starch concentrations too low 
to give zones with sharp, well defined edges is not to 
be recommended. 

Ordinarily three samples of the enzyme powder were 
prepared and aliquots of each sample were placed on 
four paper discs per Petri plate, using four plates per 
sample. This resulted in 16 replications per sample, 
a total of 48 per lot. To determine the treatment or 
treatments yielding the largest diameter, the treatments 
were ordered by mean diameters and separated into 
statistically significant groups by the method of Tukey 
(1949). Since the error term in the procedure involves 
only the sample to sample variation, the use of more 
than one disc and more than one plate per sample did 
not increase the number of degrees of freedom in the 
error term, but simply increased the precision of the 
experiment in an inherent fashion. 

In summarizing the results of each factorial experi- 
ment the ordered treatment means are given and the 
statistically significant (using the 5 per cent level of 
significance) groups of means are separated by hori- 
zontal lines. 


MATERIALS AND METHODS 
Materials 


The same batch of materials was used throughout the 
entire investigation: soluble starch (according to Lint- 
ner), granulated agar,? Nas,HPO,-7H.O, KH2PO, and 
CaCl,-2H,O*, alpha-amylase’, filter paper discs’ (cat. 
no. 740 E, 12.7 mm diameter), forced draft incubator® 
and pressed Pyrex Petri plates. 


Preparing the Substrate 


Agar was carefully weighed and added to one half 
of the total volume of Soerensen’s phosphate buffer, 
M/15, pH 6.0. The remaining buffer solution was used 
to prepare a cold starch slurry and to rinse the beakers 
containing the starch and the agar, respectively. The 
starch agar medium, in a cotton-stoppered Erlenmeyer 
flask, was autoclaved at 15 lb pressure for 30 min. The 
medium was allowed to stand at room temperature for 
15 min before being placed into a forced draft incuba- 


' Merck and Co., Inc., Rahway, New Jersey. 

* Baltimore Biological Laboratories, Baltimore, Maryland. 
§ Mallinckrodt Chemical Works, St. Louis, Missouri. 
‘Nutritional Biochemicals Corp., Cleveland, Ohio. 

5 schleicher and Schuell Co., New York City, N. Y. 

§ Precision Scientific Co., Chicago, Illinois. 


tor at 52 C for another 15 min. Using a 25 ml graduated 
glass cylinder, 20 ml of the medium were poured into 
sterile Petri plates. After the starch gel had hardened, 
the plates were stored in the refrigerator. Storing the 
substrate for at least two weeks had no detrimental 
effects. 

It is not necessary to use aseptic technique, but 
contamination should be minimized. A sterile sub- 
strate can be prepared by pouring 20 ml of the melted 
medium into wide test tubes (25 X 150 mm), plugging 
the tubes with cotton, and autoclaving at 15 lb pres- 
sure for 30 min. The substrate is then poured into 
sterile Petri plates or it is stored in the refrigerator 
and melted again before use. 


Preparing the Enzyme Solution 


To make a one per cent amylase solution, 0.25 gm 
of enzyme powder was carefully weighed and placed 
into a dry test tube. Twenty-five ml of 0.0125 m eal- 
cium chloride solution were added from a volumetric 
pipette. The powder was stirred with a glass rod until 
completely dissolved. The solution was kept cold at 
all times. 


Applying the Enzyme Solution 


Before applying the amylase to the substrate, plates 
were removed from the refrigerator, allowed to reach 
room temperature, and were then randomized and 
labelled. Not more than two filter paper discs were 
placed on the surface of the starch agar gel at any one 
time and the enzyme solution was applied immediately. 
This procedure was necessary because of the tendency 
of the discs to absorb moisture rapidly from the medium. 
A 0.2 ml graduated pipette was used to apply accurately 
0.07 ml of enzyme solution to each disc. The outside 
of the pipette was wiped dry with absorbent tissue 
paper before placing the tip to the center of the disc. 
Before the Petri plate was closed, the inside of the lid 
was wiped dry. Water of condensation dripping from 
the lid onto the medium caused a distortion of the 
zones of hydrolysis. After eight to ten plates had been 
treated, they were stored upright in a forced draft 
incubator at 52 C. It is advisable to stack them on 
empty plates to avoid excessive drying of the bottom 
plate. When discs are dipped into the enzyme solution, 
they are drained by touching the side of the test tube. 
Dipping the discs is a much more convenient procedure 
than applying a measured amount of enzyme. How- 
ever, the reliability of this technique must be put to a 
vigorous test before it can be recommended. 


Measuring the Zones of Hydrolysis 
After a certain period of incubation, discs were re- 
moved from the surface of the medium and were dis- 
carded. The starch agar gel was then flooded with a 
dilute iodine solution and the excess was poured off. 
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Diameters of the colorless circle of hydrolysis (against 
a blue background) were quickly read to the nearest 
0.2 mm on a Fisher-Lilly zone reader.’ The reagent 
used to flood the substrate was a N/10 aqueous iodine- 
potassium iodide solution, using two parts to one part 
of water. 
RESULTS 
I. Varying the Conditions of the Substrate 


Buffers. Three different buffer solutions of the same 
hydrogen-ion concentration, but each at two molarities, 


TABLE 1. Effect of different buffers, and buffer concentrations, 
and hydrogen-ion concentrations of one buffer on 
the diameter of the zones of hydrolysis 


STATISTICS OF 48 ZONES ORDERED MEANSt 


TREAT- 

TREATMENT MENT Standard Coeffi- | yfean Treat- 

— Means* | Devia- a ag Diam- | ment 

tion aria- | eter No. 

tion 
| Q\ mm 

Soerensen’s M/15 1 24.80 | 0.265 | 1.07 | 24.82 2 
pH 6.0 M/30 2 | 24.82 | 0.310 | 1.25 | 24.81 4 
Universal m/15 3 | 24.79 | 0.260 | 1.05 | 24.80 1 
pH 6.0 M/30 4 24.81 | 0.234 | 0.94 | 24.79 3 
Citrate M/15 5 | 21.60 | 0.436 | 2.01 | 23.68 6 
pH 6.0 M/30 6 23.68 | 0.262 | 1.10 | 21.60 5 


* Least significant difference: 0.136 mm. 


7 | 22.14 | 0.506 | 2.29 | 24.1 8 


~ 


Soerensen’s pH 5.0 

M/15 6.0. 8 24.11 | 0.314 1.30 23.6) 9 
7.0 9 | 23.63 | 0.307 | 1.30 23.1) 10 _ 
8.0 10 23.10 | 0.310 1.39 | 22.1) 7) 


' 
* Least significant difference: 0.329 mm. 
(0.2 per cent starch, 1.0 per cent agar, 20 ml per plate; 

1.0 per cent amylase, 0.07 ml per disc; 3 samples, 4 plates with 
4 discs per treatment; 52 C for 6 hours.) 

+ The solid lines indicate that the differences between the 
treatments are significant, the broken lines indicate the dif- 
ferences between the treatments border on significance. 


ina3 x 2 x 2 factorial design, and one of these buffers 
at one molarity, but four different hydrogen-ion con- 
centrations were compared. The results are shown in 
table 1. 

As one can observe from the results, Soerensen’s 
phosphate and Universal buffer (DiCarlo and Red- 
fern, 1947), at either molarity, were equally useful. 
There was no significant difference between the average 
zone diameters in the presence of these buffers. How- 
ever, citrate not only yielded significantly smaller zones, 
but decreased the zone diameters with increasing con- 
centration of the buffer. 


7 Fisher Scientific Co., Pittsburgh, Pennsylvania. 


pH. The hydrogen-ion concentration of the subs: rate 
had a profound effect on the reaction. The differcnees 
between the average zone diameters differed  sivnifi- 
cantly from one pH to the next in the range from pH 


TaBLeE 2. Effect of different starch and agar concentrations and 
of different amounts of substrate per plate on the 
diameter of the zones of hydrolysis 


| ! 
| | ORDERED MEANS} 


| | 
| | — 
STARCH | AMOUNT/ | TREATMENT | MEAN ZONE | 
| | 
| 





oc, | S0en cor. PLATE NO. | DIAMETER* | Mean | Treat 
| | | Diam- | ment 
| eter | No. 
% % ml | mm mm 
| | | 
0.2 10 | 1 | () | 24.8 | 24.8) 1 
| 20 (2) | 24.6 | 24.6] 2 
| | - 
| 
15 | 10 (3) 24. 2.1 3 
20 (4) | 23.8 |23.8| 4 
oe 
| | 
2.0 10 (5) 23.5 23.5 5 
20 | (6) 23.2 23.2 6 
Lio | ao 7 10 | (7) 22.7 | 22.7 7 
20 (8) a0.4 | 28.7 8 
1.5 10 | @) 22.1 | 22.1] 9 
20 | ~ (10) 21.9 | 21.9} 10 
2.0 10 (11) mS. 1 2-5 | 
20 (12) 21.2 i 12 


* Least significant difference: 0.402 mm. 


0.2 1.0 20 (13) 24.25 | 24.59) 14 
30 (14) 24.59 | 24.25) 13 

2.0 20 (15) 23.31 | 23.31) 15 

30 | (16) 23.21 | 23.21) 16 

1.0 | 1.0 2 | @7) | 22:41 | 92.91) 18 
30 | (18) 22.21 | 22.11| 17 

| — —_ 
2.0 20 | (19) | 21.42 | 21.42) 19 


30 | (20) | 21.32 | 21.32) 20 


* Least significant difference: 0.6355 mm. 

(1.0 per cent amylase, 0.07 ml. per dise.; 3 samples, 4 plates 
with 4 dises per treatment; 52C for 6 hours). 

+ The solid lines indicate that the differences between the 
treatments are significant, the broken lines indicate the dif- 
ferences between the treatments border on significance. 


5.0 to pH 8.0. The largest zones were obtained at pH 
6.0, while pH 5.0 was particularly unfavorable. 
Volume. Different volumes of substrate per plate 
using different combinations of starch and agar con- 
centrations were tested in 3 x 2 x 2 and in2x 2x2 
factorial experiments. The results are shown in table 2. 
The amount of the substrate per plate in either ex- 
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periment did not influence greatly the average diameter 
of the zones. However, every increase of 0.5 per cent 
of the concentration of the agar decreased significantly 
the zone diameters. The five-fold increase in the con- 
centration of the starch had a drastic effect on the zones 
of hydrolysis. 


TaBLE 3. Comparison of 5 ml and 30 ml of substrate per plate 


STATISTICS 5 ML/PLATE si uty 

: PLATE 
No. of Zones..... = 44 47 
Mean Zone Diameter (mm)...... «| 22.40 22.00 
Standard Deviation (mm) .| 0.424 0.381 
Coefficient of Variation—(per cent) 1.89 1.73 
Student’s t value ; 4.73 


(1.0 per cent starch, 1.0 per cent agar; 1.0 per cent amylase, 
0.07 ml per disc; 6 samples, 6 plates with 2 dises per treatment; 
52C for 6 hours.) 


TaBLe 4. Effect of increasing starch concentrations, each at two 
agar concentrations, on the diameter of the zones 
of hydrolysis 


ORDERED MEANST 
STARCH CON- AGAR CON- TREATMENT MEAN ZONE 
CENTRATION | CENTRATION NO. DIAMETER* 


Mean Treatment 
Diameter No. 
% “ % mm mm 
0.2 1.0 1 24.8 24.8 lt: 
2.0 2 23.2 23.8 3 
0.4 1.0 5 23.8 Sue 2 
2.0 ; 22.4 23.1 5t 
0.6 | 1.0 5 23.1 22.8 7 
| 2.0 6 21.8 22.4 | 4 
0.8 1.0 7 22.1 22.1 +) 
2.0 8 21.3 22.1 6 
1.0 1.0 9 22.1 21.3 8 


2.0 10 20.9 20.9 10 

* Least significant difference: 0.302 mm. 

t The solid lines indicate that the differences between the 
treatments are significant, the broken lines indicate the dif- 
ferences between the treatments border on significance. 

(1.0 per cent amylase, 0.07 ml per disc; 3 samples, 6 plates 
with 4 dises each per treatment; 52C for 6 hours.) 


The slight, but highly significant, effect of the vol- 
ume of substrate was shown in an experiment in which 
5 ml and 30 ml per plate were compared, with a mini- 
mum of 44 replications. Results are shown in table 3. 

Larger zone diameters were obtained with 5 ml of 
substrate per plate; the difference produced by the two 
amounts was significant at the 1 per cent point. The 


Student’s t value on the experiment, with 44 replica- 
tions at 5 ml and 47 replications at 30 ml, was 4.73. 

Starch and agar concentrations. The effect of increas- 
ing starch concentrations upon the diameter of the 
zones of hydrolysis was tested by comparing five levels 
of starch concentration, each at two levels of agar con- 
centration, ina 5 x 2 factorial experiment. The results 
are shown in table 4. 

At any one agar concentration, increasing the starch 
concentration by 0.2 per cent decreased significantly 
the average zone diameter of the zones of hydrolysis. 
Also, at any one starch concentration, doubling the 
agar concentration had the same effect. The largest 
zone diameters were obtained with 0.2 per cent starch 
and 1 per cent agar. This was also observed in the ex- 
periments described in table 2. 

In another experiment, 0.2, 0.1 and 0.05 per cent 
starch, each at 1 per cent agar, were compared. The 
average zone diameters increased significantly with de- 
creasing starch concentrations. However, at starch con- 


TaBLE 5. Comparison of average zone diameters obtained 
in repeated experiments 
(16 replications per sample) 


FIRST EXPERIMENT SECOND EXPERIMENT 


MEAN ZONE 
DIAMETER 


STARCH CONCEN- com; : 
Sample No. 














a 96 ZONES 
1 2 3 c t.2 Ps 
/, mm 
0.2 24.50/24 .88/24 .86)24 .71/24 .79)24 .90 24.77 
0.4 23.63 23 .64/23.75 23 .79|23 .95}23 .85 yA BY 
0.6 22.87/23 .09}23..49 23 .10)22.91 23.24 222 
0.8 22.50/22 . 72/23 .08)22 .71|22 .82)22 .80 2207 
1.0 21 .78)22.04}22. 55 21.86 22.09/22 .01 22.06 


centrations below 0.2 per cent the contrast between 
the colorless zone and the blue background became 
less distinct and the edges turned fuzzy. Since the use- 
fulness of the method is governed by the ease and ac- 
curacy with which the zone diameters can be measured, 
0.2 per cent starch remained the best choice. 

The high degree of reproducibility of the method is 
shown by the following test. The experiment testing 
increasing concentrations of starch from 0.2 to 1.0 per 
cent and 1 per cent agar, shown in table 4, was repeated 
two weeks later with a freshly prepared substrate and 
enzyme solution. The results of the first and of the 
second experiment are shown in table 5. 

When the logarithms of the starch concentrations 
between 0.2 and 0.8 per cent were plotted against the 
average diameter of 96 zones of hydrolysis, a straight 
line was obtained. The zones produced in the presence 
of 1.0 per cent starch were too small to lie on this line. 

When the results with 2 per cent agar were plotted 
in the same manner, points were generally close to a 
straight line, but not on it. Apparently, 1 per cent agar 
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facilitated a better relationship between substrate and 
enzyme. 


Il. Varying the Conditions of the Enzyme Solution 


Amount. The effect of varying the amount of enzyme 
solution applied to each filter paper disc was tested by 
comparing four different amounts under the usual ex- 
perimental conditions. The results are shown in table 6. 

Although the largest zones were obtained with the 
largest amount of enzyme solution applied to the disc, 
some of the enzyme solution overflowed from the dise 
to the substrate. Consequently, 0.07 ml per disc was 


TaBLeE 6. Effect of varying the amount of the enzyme solution 
applied to each disc on the diameter of the zones of hydrolysis 


STATISTICS OF 20 ZONES ORDERED MEANSt 


AMOUNT OF TREATMENT 


AMYLASE /DISC NO. Sines Sane | Standard a! Mean Treat 
Diameter* | Deviation CV. — sa 
ml mm mm % mm 
0.05 1 24.22 0.242 1.00 | 25.54 4 
0.06 2 24.66 | 0.386 | 1.57 | 25.01} 3 
0.07 3 25.01 0.246 0.98 | 24.66 2 
0.08 4 25.54 0.323 1.26 | 24.22 1 


(0.2 per cent starch, 1.0 per cent agar, pH 6.0, 20 ml per 
plate; 1.0 per cent amylase; 2 samples, 10 plates with 2 dises 
each per treatment; 52 C for 6 hours). 

* Least significant difference: 0.432 mm. 

+ The solid lines indicate that the differences between the 
treatments are significant, the broken lines indicate the dif- 
ferences between the treatments border on significance. 


TABLE 7. Comparison of two methods of applying the enzyme 
solution to the paper disc 


METHOD OF APPLICATION MEAN ZONE STANDARD COEFFICIENT 


DIAMETER DEVIATION OF VARIATION 
mm mm % 
0.07 ml 27.06 0.344 1.26 
Dipping 29.01 0.292 1.00 


(0.2 per cent starch, 1.0 per cent agar, pH 6.0, 20 ml per 
plate; 1.0 per cent amylase; 1 sample, 13 plates with 4 discs 
each per treatment; 52 C for 6 hours.) 


used routinely and is recommended for use. There was 
no significant difference between the zone diameters 
produced by 0.06 and 0.07 ml per disc; an additional 
advantage of using 0.07 ml. 

When the logarithms of the amount of the enzyme 
solution per disc were plotted against the average zone 
diameters a straight line was obtained between 0.05 
and 0.07 ml. The average zone diameters produced by 
0.08 ml per disc were too large to lie on this line. Ob- 
viously, 0.08 ml is too much liquid to be held by the 
disc. 

Dipping and applying. Dipping the paper disc into 
the enzyme solution is a more convenient method than 
applying a measured amount to the disc. Consequently, 


both methods of applying the enzyme solution \ ere 
compared under the usual experimental conditions. ‘he 
results are shown in table 7. 

TABLE 8. Effect of increasing the concentration of the am:lase 


solution on the diameter of the zones of hydrolysis 


(Diameter in mm) 


AMYLASE POWDER MEAN DIAMETER || 


i SAMPLE Ni DIFFERENCE . spy 
_ mene cue SAMPLE NO. BETWEEN POOLED SAMPLE 
1 2 d a 
4.0 29.75 29 .32 0.43 29.54 872.6 
2.0 28.47 28.85 0.38 28 .66 821.4 
1.0 27.87 27.87 0.00 27.87 776.6 
0.5 27 .02 26.77 0.25 26.90 723.6 
0.25 26.12 25.97 0.15 26.05 678.6 
0.12 24.72 24.70 0.02 24.71 610.6 
0.06 23 .92 23.72 0.20 23.82 567.4 
0.03 23 .07 22.40 0.67 22.74 517.1 


(0.2 per cent starch, 1.0 per cent agar, pH 6.0, 20 ml per 
plate; 0.07 ml amylase per disc; 2 samples each; 2 plates with 
4 dises each per treatment; 52 C for 8 hours. 
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Fic. 1. The effect of amylase concentration on the size of 
the zone of hydrolysis. Each point represents the average of 
16 zones. 


Dipping the dise into the enzyme solution resulted 
in zones which were significantly larger than those ob- 
tained from applying 0.07 ml to each disc. Apparently, 
dipped paper discs absorb more than 0.07 or even 
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0.08 ml of enzyme solution. This has the advantage of 
enabling the investigator to lower the concentration of 
the enzyme solution below the point where measurable 


TaBLE 9. Effect of different temperatures and periods of 
incubation on the diameter of the zones of hydrolysis 


(Diameter* in mm) 


PERIOD OF | TEMPERATURE OF INCUBATION 


INCUBATION | 


HOURS MN 51 61 11 
| 
3 |} 19.59 20.02 20.88 20.96 
6 | 23.28 24.32 25.44 22.40 
9 26.36 28.04 28 .66 24.51 
12 28.99 30.97 31.22 26.26 
24 38.11 $1.21 38.32 29.65 


(0.2 per cent starch, 1.0 per cent agar, pH 6.0, 20 ml per 
plate; 1.0 per cent amylase, 0.07 ml per disc; 2 samples, 4 plates 
with 4 dises each per treatment). 

* Least significant difference : 0.348 mm. 
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Fig, 2. The effect of temperature and the length of incuba- 
tion on the zone of hydrolysis. Each point represents the 
average of 32 zones. 


zones are still being obtained with 0.07 ml of enzyme 
solution per disc. 

Amylase concentration. The effect of increasing the 
concentration of the amylase solution on the diameter 
of the zones of hydrolysis was tested under the usual 
experimental conditions, incubating the plates for 8 


hr at 52 C, instead of the usual six hr. A four per cent 
amylase solution was prepared in 0.0125 m calcium 
chloride solution and was diluted with this diluent to 
give 2.0, 1.0, 0.5, 0.25, 0.12, 0.06 and 0.03 per cent 
enzyme powder. The results are shown in table 8. 
When the logarithms of the concentration of the 
amylase were plotted against the square of the average 
zone diameter of pooled samples a straight line was 
obtained, shown in figure 1. When the results of each 
sample of amylase were plotted separately, using the 


TABLE 10. Ordered means of zone diameters and their 

















differences 
| TREATMENT 
ORDERED MEANST | 
| Hrs. | Temperature C 
| | 
41.21 | 24 | 51 
38.32 | 24 61 
38.11 24 | 41 
31.22 | 1 61 
30.97 12 51 
29.65 24 71 
28 .99 | 12 41 
28 .66 | 9 61 
28.04 9 51 
26.36 | 9 1 
26.26 | 12 | 71 
| 
25.44 | 6 | 61 
24.51 | 9 71 
24.32 | 6 51 
23.28 6 41 
22.40 6 | 71 
ee | 
20.96 3 | 71 
20.88 3 61 
20.02 3 51 
19.59 3 41 





+ The solid lines indicate that the differences between the 
treatments are significant, the broken lines indicate the dif- 
ferences between the treatments border on significance. 


diameter instead of its square, straight lines were ob- 
tained between 0.03 and 0.12 per cent and between 
0.25 and 1.0 per cent amylase with one lot, and between 
0.03 and 2.0 per cent with the other sample of enzyme 
powder. Apparently, the number of replications used 
was too small to give more precise results. The close 
relationship between enzyme concentration and zone 
diameter, despite a more than 100-fold increase in 
enzyme concentration, is being utilized at present to 
develop an assay for the quantitative estimation of the 
potency of bacterial amylases. It is of interest to note 
that the differences between the average zone diame- 
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ters of each sample between 0.06 and 1.0 per cent 
amylase did not exceed 0.25 mm. 
III. Varying the Temperature and Period of Incubation 

The effect of the temperature and of the period of 
incubation on the size of the zones of hydrolysis was 
studied in an experiment utilizing four temperatures 
and five periods of incubation. At each time interval, 
four plates were randomly removed from the incubator. 
The experiment lasted ten days because the same incu- 
bator was used. The substrate was the same throughout, 
but the enzyme solution was freshly prepared at each 
temperature. At 41 C and 51 C, the edges of the zone of 
hydrolysis were well-defined. At 61 C after six hr of 
incubation, the edges turned fuzzy. At 71 C this oc- 
curred after three hr. Since after 24 hr of incubation 
many zones exceeded the measurable range of the zone 
reader, the diameters were merely approximated. The 
results are shown in table 9 and graphically in figure 2. 
The ordered means are shown in table 10. 

Heat inactivation of the enzyme solution became 
noticeable at 61 C and 71 C. This explains why in three 
instances among the ordered means a difference in 
temperature of 10 and 20 degrees did not produce sig- 
nificantly different zone diameters at differing periods 
of incubation. 

The data of table 9 are presented merely to show the 
effects of temperature and time on the rate and the 
extent of the dextrinization. They are not meant to be 
used as recommendations. Although the largest zones 
of hydrolysis were obtained after 24 hr of incubation, 
heat inactivation and poorly defined edges of zones 
prohibit the use of this period of incubation. Since 
shorter periods of incubation are always desirable in 
enzyme studies, depending on the temperature of in- 
cubation, periods up to twelve hr are suggested. 


DISCUSSION 


The starch-agar, filter paper disc method for meas- 
uring the potency of amylase preparations is apparently 
a sensitive method which can be controlled. Small 
changes in the pH of the substrate, the concentration 
of the starch, of the agar and of the enzyme solution 
caused statistically significant changes in the diameter 
of the zone of hydrolysis. Obviously, the ingredients of 
the substrate and of the enzyme solution must be pre- 
pared with care. The amount of enzyme solution ap- 
plied with a pipette to each disc also must be measured 
carefully. On the contrary, the volume of substrate per 
plate between 10 and 30 ml and the use of Soerensen’s 
phosphate or universal buffer at M/15 orm/30 had no 
significant effects on the zone diameters. These ob- 
servations indicated the need for careful manipulation 
of the materials. In this investigation, under a variety 
of conditions affecting the substrate, enzyme and re- 
action, the coefficients of variation for mean diameters 


ranged from 0.94 to 2.29 per cent, being gen¢ rally 
closer to 1 than 2 per cent. ) 

Time and temperature of incubation are critica! fac- 
tors which must be carefully observed. Heat inac' iva- 
tion of the enzyme during incubation should be avoided, 
These conditions differ from one enzyme preparation 
to the next and must be experimentally determined, 
Therefore, no recommendations can be made concern- 
ing the optimum length and temperature of incuba- 
tion. Generally, plates should not be incubated more 
than 12 hours. 

From the data obtained, the following reeommenda- 
tions can be made for the use of a sensitive starch- 
agar, filter-paper disc method: 0.2 per cent soluble 
starch, 1 per cent agar prepared in Soerensen’s phos- 
phate buffer, M/15, pH 6.0 using 20 to 25 ml per plate; 
amylase preparation (0.03 to 4.0 per cent w/v) in 
0.0125 m calcium chloride solution, applying 0.07 ml to 
each disc (12.7 mm diameter); incubating the plates 
at 40 or 50 C up to 12 hr. 

The inhibitory effect of the citrate buffer on the 
amylase was unexpected and is being investigated fur- 
ther. 

Increasing the concentration of the enzyme prepara- 
tion 100-fold did not influence appreciably the straight 
line relation that existed between the logarithms of the 
concentration and the resulting zone diameters. Con- 
sequently, it will be possible to develop an assay pro- 
cedure for measuring the potency of bacterial amylase 
solutions. This is being done in our laboratories at 
present. 


SUMMARY 


Important steps of a paper-disc, starch-agar diffusion 
method for estimating the potency of bacterial amylases 
were investigated critically in experiments which were 
statistically designed and analyzed. 

Slight changes in the concentration of the starch, 
of the agar, of the amylase, in the pH of the substrate 
and in the amount of the enzyme per disc caused sta- 
tistically significant changes in the diameter of the 
zones of hydrolysis. 

Large changes in the amount of the substrate per 
plate, ranging from 10 ml to 30 ml, and in the use of 
Soerensen’s phosphate or of a universal buffer, each at 
M/15 or M/30 concentration, had no effect on the zone 
diameters. 

Period and temperature of incubation were critical 
factors and must be determined experimentally for each 
type of amylase. For the bacterial amylase under test, 
41 C and 51 C up to 24 hr were satisfactory. At higher 
temperatures heat inactivation of the enzyme occurred 
rapidly. 

Over a certain range, the amount of enzyme per disc, 
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MOLDS ISOLATED FROM 


the concentration of the starch and the concentration 
of the amylase, respectively, were linearly related to the 
diameter of the zone of hydrolysis. 

The method is rapid, convenient and highly accurate, 
the coefficient of variation being approximately one 
per cent, and is being used to develop a standard assay 
procedure for bacterial amylases. 
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The use of the Howard mold count in the quality 
grading of food products had its inception in 1911 when 
it was first used in connection with tomato products to 
indicate the efficiency of trimming, sorting and manu- 
facturing procedures (Howard, 1911). Needham and 
Fellers (1925) applied the Howard method to straw- 
berries and blackberries and this method has since been 
applied to other berry fruits including raspberries. Mold 
counts are currently regarded by some workers as 
synonymous with the extent of decomposition and 
mushiness. 

Rendle (1933) who was concerned with ‘‘mushiness”’ 
of raspberries during their transportation to canning 
factories, made no mention of molds. He showed that 
the pectic constituents cementing the cell walls of this 
fruit are subject to more rapid changes than occur in 
most fruits during ripening and that these changes 
take place even more rapidly after the fruit is picked. 

Byssochlamys fulva was found responsible for the 
breakdown of pectinous material in raspberries and 
complete disintegration of the fruit (Olliver and Smith, 
1933). The degree of softening was unrelated to the 
amount of visible mycelia. 

Botrytis cinerea, which is known to attack berry 
fruits, required a pH of 6.5 on potato decoction medium 


1 Journal Article No. 1493. 


for optimum pectolytic enzyme production (Fernando, 
1937). When conditions were made acid little enzyme 
activity was noted despite good growth of the mold. 
It is concluded that relatively little is known as to the 
conditions under which fungi produce pectolytic en- 
zymes (Phaff, 1946). 

Recently, producers and processors of black rasp- 
berries in Michigan have been concerned, especially 
during humid seasons, with government seizure and 
rerouting of their produce executed on the basis of the 
Howard mold count. This matter was investigated by 
Fabian et al. (1951) who showed that no tissue break- 
down of the black raspberries was noted even when the 
mold count as determined by the Howard method was 
80 per cent. Beneke (1950a) isolated and identified the 
molds present in 1719 druplets of black raspberries. 
From this large number of druplets he isolated Alter- 
naria sp. in 641 instances, Cladosporium sp. in 262 
instances, Pullularia sp. 81 times, Fusarium sp. 66 
times, Botrytis sp. 65 times, Penicillium sp. 59 times, 
Rhizopus sp. 25 times, Trichoderma sp. 21 times and 
eight other genera such as Aspergillus sp. and Oospora 
sp. in lesser numbers. The first two genera, Alternaria 
and Cladosporium, accounted for approximately 70 per 
cent of the total number of molds isolated from black 
raspberries. The present study was concerned with 
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investigating the pectolytic activity of the principle 
molds. 


MATERIALS AND METHODS 


Cultures. The mold isolates? were grown on potato- 
dextrose agar (Difco) slants made in liter dilution 
bottles. After two weeks’ incubation in darkness at 
22 to 25 C, 50 ml aliquots of sterile distilled water were 
added to each culture and the surface growths gently 
removed. The suspensions were then placed in screw 
capped bottles and thoroughly shaken. 

Media. The work reported in this investigation was 
conducted during the winter months when fresh fruit 
was unavailable; therefore canned water pack berries 
were employed. The berries showed sound structural 
characteristics and a substantial amount of pectin was 
present as demonstrated by alcohol precipitation tests. 
The berries were crushed and an extract obtained 
using a screw-type fruit press. The pH of this extract 
was 3.8. The extract was thoroughly mixed and 1000 ml 
quantities were dispensed into 3000 ml Erlenmeyer 
flasks. 

A one per cent citrus pectin? medium and a one per 
cent apple pectint medium, with pectin as the sole 
source of carbon were prepared using the mineral base 
described by Phaff (1946). These media were dispensed 
in the same manner as the black raspberry extract. The 
medium containing the apple pectin showed a pH of 
5.4; and the pH of the medium containing the citrus 
pectin was 6.3. 

Preparation of Samples. Each flask was inoculated 
with 5 ml of spore suspension and incubated at 22 to 
25 C for seven days. Samples for testing were obtained 
by carefully tilting the flasks and aseptically removing 
portions of the culture media. 

Method of Enzyme Testing. A 1 per cent pectin solu- 
tion was prepared by adding special pectin® to sodium 
citrate-citric acid buffer at pH 4.0 according to the 
method given by Bell et al. (1950). The pectin solution 
was allowed to stand for several hours before tests were 
conducted in order to offset any increase in apparent 
viscosity (Kertesz, 1951). Two ml of the culture fluid 
was added to 20 ml of the test pectin solution and the 
mixture was incubated in a thermostatically controlled 
water bath at 30 C for 45 min. Five ml of the mixture 
was then placed in each of two Ostwald viscosimeters 


2 Supplied through the courtesy of Dr. E. S. Beneke, De- 
partment of Botany and Plant Pathology, Michigan State 
College, East Lansing, Michigan. 

3 Citrus pectin—178 grade, R.S. California Fruit Growers 
Exchange, Ontario, California. 

4 Apple pectin—170 grade uncut, Speas and Co., Philadel- 
phia, Pennsylvania. 

5 Designated 447-U-7. California Fruit Growers Exchange, 
Ontario, California. Manufacturer’s specifications showed the 
following percentage analysis: moisture 7.7. ash 7.7, methoxyl 
10.6, galacturonic acid 87.3. 
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and the dropping times at 30 C were noted. Co::trol 
tests were run concurrently employing culture ‘{luid 
which had been heated at 80 C for 10 min. 
Decrease in viscosity was expressed as a percen (age 
according to the formula: 
A-B ERT ‘ 
- xX 100 where A = viscosity test pectin solu- 
tion + heated medium 
B = viscosity test pectin + un- 
heated medium 
The same two viscosimeters were used throughout the 
study. 
Effect of Pectic Enzymes on Black Raspberries. One 
hundred ml amounts of 1 per cent solution of Pectinol 
M® in distilled water were added to each of four 150 


TABLE 1. Pectolytic activity of molds after 7 days, incubation 


RASPBERRY | APPLE PECTIN| CITRUS PEC- 





EXTRACT MEDIUM | TIN MEDIUM 
pH 3.8 pH 5.4 pH 6.3 
MOLD 
Per cent decrease in viscosity 
pectin solution 

Alternaria humicola — 12.7 23.9 
Cladosporium sp. — 3.9 10.6 
Pullularia sp. 31.4 8.7 14.8 
Fusarium sp. 16.7 25.3 34.5 
Botrytis cinerea ” - 10.1 
Penicillium sp. 38.6 = 12.1 


* Increase in viscosity — change, if any, less than 3 per cent 
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Fic. 1. Pectolytie activity produced by Penicillium sp. it 
black raspberry extract. 


gm portions of the whole black raspberries. Heated 
Pectinol M solution was added to four other samples 
as controls. At the end of 5 hr the 2 lots of raspberries 
were compared macroscopically for disintegration. The 
samples were also placed on #40 mesh screens and 
drained weight readings were made after 2 min. 


RESULTS 


The six molds tested grew well in the 3 media used. 
However, the behavior of the molds in producing pecto- 
lytic enzymes varied considerably. 

6 Pectinol M—Rohm and Haas Co., Philadelphia, Pennsyl- 
vania. 
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The data presented in table 1 show the average 
changes in the viscosity of the test pectin solution 
obtained by sampling of the mold cultures following 7 
days’ incubation. Tests made of the black raspberry 





tis cinerea. Botrytis cinerea was the only mold which 
produced a metabolite, presumably an enzyme(s), in 
sufficient quantity to increase the viscosity of the test 
pectin solution. This behavior was noted when the 


Fig. 2. Disintegration of black raspberries by pectolytic enzymes. (a) Control, inactivated enzyme preparation. (b) One per cent 


Pectinol M. 


extract after 3 days’ incubation showed the same rela- 
tive pattern but pectolytic acitivity was less marked. 

Alternaria humicola and Cladosporium sp. showed 
little or no pectolytic enzyme activity in the black 
raspberry extract. This was in marked contrast to 
Penicillium sp., Pullularia sp., Fusarium sp., and Botry- 


black raspberry extract and the apple pectin medium 
were tested. When Botrytis cinerea was grown in citrus 
pectin medium, however, a decrease in viscosity of the 
test pectin solution occurred. 

Penicillium sp., in the black raspberry extract showed 
the most active pectolytic enzyme production. There- 
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fore, this was examined throughout the 7 day period. 
The average per cent loss in viscosity is given in figure 1. 
The 1 per cent Pectinol M solution which was added 
to the whole black raspberries resulted in an almost 
complete disintegration of the berries within 5 hours 
to such an extent that their structural characteristics 
had disappeared (figure 2). After this time these samples 
showed an average loss of twelve percent in drained 
weight as compared to the weight of berries which had 
been covered with heat-treated Pectinol M solution. 


DISCUSSION 


While the limitations of the viscosity method of 
measuring pectolytic activity are well recognized (Ker- 
tesz, 1951), the application of the method in this study 
has served toemphasize the pronounced variations which 
may occur in production of pectolytic enzymes by 
molds. The most significant variation was the difference 
in pectolytic enzyme production by the various molds 
in the black raspberry extract. 

The data presented here substantiate the work of 
Fabian et al. (1951) and explain how a high mold count 
may not necessarily be related to the pectolytic break- 
down of black raspberries. Thus, if the molds present 
are primarily Alternaria humicola, Cladosporium sp. 
or other species producing little or no pectolytic activity 
within a short period of time, berries with a relatively 
high mold count may not show decomposition or mushi- 
ness. 

It is appreciated that the production of pectolytic 
enzymes by molds depends on many factors. Individual 
strains of molds too, have been shown to vary greatly 
in their activity (Proskuriakov and Ossipov, 1939). 
In this study, the behavior of the molds in producing 
pectolytic enzymes was undoubtedly influenced by vari- 
ations in the constituents of the media and the pH. 
While the literature shows the pH optimum for fungal 
pectin polygalacturonase to be in the neighborhood 
of 3.5, Kertesz (1951) cites several sources which have 
listed optima ranges up to pH 7.0. He suggests that 
such wide variations in these optimum ranges could be 
attributed to the combined action of pectin-methy]l 
esterase and pectin-polygalacturonase acting simultane- 
ously in the solutions tested. It would appear that pH 
alone was not the limiting factor in this study, as was 
noted by the appearance of optimum activity of Pul- 
lularia sp. and Penicillium sp. in black raspberry ex- 
tract in contrast to Fusarium sp., which showed maxi- 
mum pectolytic enzyme production in the citrus pectin 
medium. 

Gel formation by Botrytis cinerea in the raspberry 
extract and in the apple pectin medium, both of which 
had low pH values, was likely due to the formation of a 
pectin-methylesterase like enzyme. Kertesz (1951) has 
pointed out that the activity of pectin-methylesterase 


of fungal origin, drops rapidly as the pH is raised al,ove 
pH 5.0. This would presumably account for the lack of 
gel formation by Botrytis cinerea in the citrus pectin 
medium. 

Unquestionably, factors other than the ability of 
molds to produce pectolytic enzymes enter into the 
breakdown of black raspberries. One consideration js 
the rapid pectic changes occurring during ripening and 
also following picking (Rendle, 1933). Ripe berries held 
for a prolonged period in the field or after picking would 
be expected to show a higher mold count than might 
be found in other classes of fruits. However, the presence 
of 100 per cent positive mold counts fields can be 
noted for this fruit when the mold filaments occupy as 
little as 0.00162 per cent of the total puree volume 
(Beneke, 1950b). 
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SUMMARY 


Representatives of the six genera of molds found 
most commonly in black raspberries during the 1950 
season were tested for pectolytic enzyme production. 

Under the conditions of these experiments Alternaria 
humicola and Cladosporium sp. produced little or no 
pectolytic activity when grown in black raspberry ex- 
tract. This was in contrast to their behavior in other 
media and in contrast to Pullularia sp., Fusarium 
sp., Botrytis cinerea, and Penicillium sp. 

In black raspberry extract Penicillium sp. and Pullu- 
laria sp. showed the greatest pectolytic activity. 
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Because most of the species in the coliform group of 
bacteria are of nonfecal origin, and therefore of little 
value as indicators of pollution in waters used for 
swimming or for irrigation, it has long been felt that 
a test that employed the enterococci could serve as a 
supplement or a substitute for the above test. In recent 
years much work has been published suggesting the 
merits of such an enterococci test. Andrews (1906), 
Broadhurst (1915), Sherman (1937), Winter and Sand- 
holzer (1946a), and Mallmann and Litsky (1951) have 
indicated that, although the enterococci are abundant 
in fecal matter, these organisms, unlike the coliform 
bacteria, are not found elsewhere in nature. 

Past investigations have indicated relatively low 
numbers of enterococci in sewage or polluted waters 
(Winslow and Nibecker, 1903, U. S. Public Health 
Service, 1948, and Lattanzi and Mood, 1951); there- 
fore, the use of these organisms as indicators of pollu- 
tion has never been accepted in this country, although 
in England they are used in the routine analysis of 
water. Recently, Lattanzi and Mood (1951), employing 
the technique of Winter and Sandholzer (1946b) for 
the enumeration of enterococci, reported a ratio of 63 
to 1 of Escherichia coli to enterococci in water samples 
from the harbor at New Haven, Connecticut. The 
United States Public Health Service, by the same tech- 
nique, reported that the enterococcus determination 
was a less sensitive measure of bacterial densities of 
waters than the coliform determination (United States 
Public Health Service, 1948). 

With the advent of azide dextrose broth (Difco) for 
the detection of streptococci, the problem of using 
enterococci as indicators of pollution had to be rein- 


! Contribution No. 887 from the Massachusetts Agricultural 
Experiment Station, Amherst, Massachusetts. 


vestigated and reevaluated. Mallmann and Seligmann 
(1950), in a comparative study of media for the de- 
tection of streptococci in water and sewage, reported 
that azide dextrose broth was far superior to any of the 
other media employed for this purpose. Using this 
medium, Mallmann and Litsky (1951) reported that 
the numbers of coliform bacteria and enterococci were 
recovered in about the same numbers from soil freshly 
treated with sewage. 

Because dextrose azide broth supported the growth 
of a few other nonstreptococcal forms, Litsky, Mall- 
mann, and Fifield (1953) developed ethyl violet azide 
broth as a confirmatory medium for the enterococci. 
It was reported that, when using azide dextrose broth 
as a presumptive test and ethyl violet azide broth for 
the confirmation, 100 to 10,000 more enterococci were 
detected in polluted water than were detected by other 
methods. The effectiveness of this test suggested that a 
review of the coliform-enterococcus ratio in polluted 
water should be undertaken. 


METHODS 


To test the validity of enterococci as test organisms 
for sewage pollution in bathing and irrigation waters, 
the relative numbers of these organisms in sewage must 
first be established. For this reason, samples of sewage 
from the settling tanks of the Amherst (Massachusetts) 
Treatment Plant were taken at various positions and 
depths with the aid of a depth-sampler to insure repre- 
sentative sampling. This experiment was carried out 
throughout the winter, spring, and summer months to 
insure the significance of the trends observed. Sewage 
at the Amherst Treatment Plant is diluted greatly with 
ground water during wet seasons and lower counts of 
microorganisms due to dilution are observed during 





248 LITSKY, ROSENBAUM AND FRANCE 


such periods. The time lapse between the collection of 
samples and the laboratory procedure never exceeded 
30 minutes. 


Coliform Determinations 


The method to determine the numbers of coliform 
bacteria was that recommended in Standard Methods 
for the Examination of Water and Sewage (1946). Serial 
dilutions of the samples were inoculated into three 
-lactose broth tubes for each dilution. Tubes were in- 
cubated at 37 C for 48 hr. Three loopfuls of a positive 
presumptive tube were then inoculated into a tube of 
two per cent brilliant green bile broth (Difco) and in- 
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tryptone glucose extract agar (Difco), and incubate i for 
48 hr at 37 C. Colonies were then picked at randon: and 
inoculated into 6.5 per cent sodium chloride try) tose 
broth and into tryptose broth, and incubated at 37 (¢ 
and 45 C, respectively, for 24 hr. Growth in both niedia 
(Sherman, 1937), further confirmed by microscopi:: ex- 
amination, was considered as completed evidence o! the 
presence of enterococci. This ‘completed test” was dis- 
continued after 98 of 100 positive ethyl violet «azide 
broth tubes were confirmed as enterococci positive ac- 
cording to the classification of Sherman. The most prob- 
able numbers of organisms per 100 ml were then ob- 
tained from the table devised by Hoskins (1934), and 
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EXPERIMENT NUMBER 


Fic. 1. Relationship of the geometric mean of the coliform index to the enterococci index for experiments 1-13. Samples collected 
from Amherst, Massachusetts, sewage plant (March 1952-June 1953). 


Experiments 1 and 2, March 1952; 3 and 4, April 1952; 5 and 6, May 1952; 7, June 1952; 8, July 1952; 9, August 1952; 10, Septem- 


ber 1952; 11, November 1952; 12, January 1953; 13, February 1953. 


cubated at 37 C for 48 hr. The presence of gas was re- 
garded as confirmatory evidence of the presence of 
coliform bacteria. 


Enterococci Determinations 


The method employed for the determination of en- 
terococci was that of Litsky, Mallmann, and Fifield 
(1953). The dilutions of samples and amounts of inocula 
were the same as those used in the coliform determina- 
tions. Three tubes of azide dextrose broth (Difco) were 
used as presumptive broth, inoculated, and incubated 
at 37 C for 48 hr. Tubes showing turbidity were con- 
sidered positive presumptive tests for enterococci, and 
three loopfuls of the turbid broth were inoculated into 
ethyl violet azide broth for the confirmation of the 
presence of enterococci. These tubes were incubated 
for 48 hr at 37 C. The presence of enterococci was indi- 
cated by. turbidity, and the formation of a purple 
“button” at the bottom of the confirmation tube. To 
show that the positive confirmatory tubes contained 
enterococci, a loopful of the culture was streaked on 


were calculated in a similar manner for both the coli- 
form bacteria and the enterococci. 


RESULTS AND DiIscussION 


In calculating the mean values of results obtained, 
the geometric means were used to decrease the influence 
of excessively high or low M.P.N. values. The mean 
values plotted in figure 1 have a definite positive rela- 
tionship. 

The statistical analysis undertaken indicated a 
straight line relationship when the coliform indices were 
plotted against the enterococci indices (figure 2). The 
theoretical straight-line equation which would best fit 
the observed points was calculated to be y = 1.07 + 
1.10x, y being the coliform index, and x the entero- 
coccus index. (The slope of this theoretical equation is 
expressed by b = 1.10, from the generic formula y = 
a + bx.) To show that an increase in one index is re- 
lated with a statistically significant increase in the 
other, the ‘‘b” slope was compared with a slope of zero. 
The results of this test indicated that the ‘“‘b’’ slope 
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was significantly different from zero with a “t” value 
of 5.8. 

It can be seen in figure 2 that a straight line can be 
accurately plotted to fit the observed data. It is, there- 
fore, evident that a definite relationship exists between 
the densities of coliform bacteria and enterococci in 
sewage. An increase in the coliform index is followed 
generally by a predictable increase in the enterococcus 
index. This is further borne out by a correlation coeffi- 
cient of r = +0.9, indicating a direct relationship be- 
tween the numbers of coliform bacteria and enterococci. 
The final mean ratio of coliform bacteria to enterococci 
isolated was 13.3 to 1, the lowest reported ratio thus 
lar. 
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EXPRESSED INLOG M.P.N. PER I1OOML. 
Fia. 2. Relationship of geometric means of observed coli- 


form index to observed enterococci index for each experiment, 
the theoretical line being Y = 1.07 + 1.01 X. 


It must be emphasized that the numbers of coliform 
organisms in the previous ratio represented the whole 
group and not F. coli alone. The numbers of £. coli 
would be substantially less than those of the group, 
and the ratio of F. coli to enterococci would be lowered 
and possibly approach unity. Lattanzi and Mood (1951) 
found that the ratio of F. coli to enterococci was 63 
to 1 in harbor water, by the Winter and Sandholzer 
(1946b) method for the detection of the enterococci. 
In a comparison of the two methods, Litsky, Mallmann, 
and Fifield (1953) showed that the ethyl violet azide 
broth method was far superior to the Winter and Sand- 
holzer method when river water was examined. 

Lattanzi and Mood (1951) also stated that the ratio 
of 53 to 1 is logical ‘‘since there are fewer enterococcal 
bacteria in raw fresh sewage as compared to E. coli.” 


It should be pointed out that the number of bacteria 
isolated from a sample is dependent upon the medium 
used in the isolation procedure, and that the recent 
work suggests that the reason for the low numbers of 
enterococci recovered from sewage and polluted waters 
is not due to their low numbers but rather to the in- 
ferior media used for their isolation. 

Furthermore, these investigators suggested that 
another reason for the low numbers of enterococci in 
polluted waters is that these organisms do not have the 
ability to “multiply naturally after leaving the in- 
testinal tract, as has been demonstrated with 2. coli.” 
The fact that the enterococci do not multiply outside 
the body shows a closer relationship with the patho- 
genic enteric bacteria (Salmonella typhosa), which also 
do not multiply outside the body, and therefore sug- 
gests that enterococci are better indicators of recent 
pollution. Along this line of reasoning, Mallmann and 
Litsky (1951) showed that, in sewage-treated soil, the 
enterococci disappeared after 33 days, but virulent 
typhoid bacilli could not be isolated 19 days after 
seeding. The coliform bacteria, on the other hand, were 
found to persist in the treated soil throughout the 11- 
week experiment and for some indeterminate time there- 
after. 

The method employed for the isolation of the entero- 
cocci in this study is a simple two-tube test, which 
eliminates all the criticism that Lattanzi and Mood 
made of the Winter and Sandholzer method. The use 
of azide dextrose broth as a presumptive medium, and 
ethyl violet azide broth for confirmation, gives the 
bacteriologists a simple, rapid, and more precise method 
for the detection and confirmation of enterococci than 
has hitherto been known. 


SUMMARY 

From the results of this investigation the following 
conclusions were reached: 

1. A positive correlation of +0.9 exists between the 
numbers of coliform bacteria and enterococci in sewage 
from settling tanks of the Amherst Sewage Treatment 
Plant during the winter, spring, and summer months. 

2. Based upon the median value of all samples col- 
lected in this study, the density of coliform bacteria 
Was approximately 13.3 times that of enterococci. 

3. The enterococcus detection method of Litsky, 
Mallmann, and Fifield required no more time and skill 
to perform than did the confirmed coliform test. 
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In this laboratory a simple dry-storage method for 
the routine preservation of bacteriophage strains of 
Streptococcus lactis and Streptococcus cremoris has proved 
very convenient and highly satisfactory. 

The method consists of saturating sterile squares of 
filter paper of 1 to 4 cm? with whey filtrate containing a 
high concentration of viruses, drying the paper squares 
in a protected environment at 37 C, usually 30 to 60 
minutes and then storing them in a screw capped jar. 

The whey filtrate is prepared by inoculating sterile 
milk with the test culture, using a 5 per cent inoculum of 
a coagulated milk culture. After 2 hours of incubation 
at 28 to 30 C, for the purpose of developing a sizeable 
population of bacterial cells, a 1 per cent inoculum of a 
whey filtrate carrying the homologous bacteriophage 
strain is added. Following an additional incubation 
period of 15 to 18 hours, coagulation of the milk is in- 
duced by the addition of lactic acid, after which the 
whey is collected by passing it through a sterile cloth 
filter. The pH level of the resulting whey is in the range 
of 4.5 to 4.7. In order to remove the deteriorating ef- 
fect of this pH environment on the viruses, the pH 
level of the whey is restored to the neutral range by 
the addition of dilute alkali in the presence of brom 
cresol purple indicator. The whey is then passed through 
a sterile Seitz filter and is now ready for desiccation. 

1 Scientific Paper No. 1230, Washington Agricultural Ex- 
periment Stations, Pullman, Washington. Project No. 785. 


RESULTS 
Observations on Longevity 


Little or no information appears in the literature of 
the effect of desiccation on the viability of the bacteri- 
ophage of the lactic acid streptococci. Nelson, Harriman 
and Hammer (1939) reported that the bacteriophage 
of the lactic acid streptococci was only slightly affected 
by desiccation when held for 7 days at room tempera- 
ture. 

One strain of bacteriophage designated as hp and of 
New Zealand origin (Whitehead and Hunter, 1941) 
was prepared for storage as described, with the excep- 
tion that the pH level was not restored to the neutral 
range. Desiccated specimens, prepared in September, 
1946, from the same whey filtrate were stored at tem- 
peratures of 0, 12, 25 and 37 C, respectively. Periodic 
examinations were made for viability by adding a square 
of the filter paper preparation to a freshly prepared 
milk culture of the specific bacterial host HP, and ob- 
serving the culture for slow acid development and other 
evidence of retarded growth. A progress report (Prouty, 
1951) was made at the conclusion of 54 months. 

At the storage temperature of 0 C the virus strain 
remained viable for a period of only 42 months. Sub- 
sequent examinations failed to demonstrate any evi- 
dence of viable viruses. At the storage temperature of 
37 C, evidence of diminishing viability was first noted 
after 66 months and again after 72 months. Complete 
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inactivation was observed after 78 months. Several 
subsequent examinations confirmed this finding. Virus 
secimens held at temperatures of 12 and 25 C have 
retained their viability to the present time. These ob- 
servations are continuing. 

DIscuUSSION 

The early loss of viability of the viruses held at 0 C 
is contrary to what was expected and no explanation 
ean be oitered for this reaction to desiccation. On the 
other hand it was expected that the greatest deteriorat- 
ing effect would occur at the highest temperature, 
namely 37 C. 

It should be borne in mind that in this study constant 
environmental conditions, in respect to each lot of 
specimens, were maintained throughout the entire ob- 
grvation period. Under conditions of fluctuating tem- 
peratures and humidities such as prevail within the 
premises of a dairy plant, the response of the viruses 
may have been somewhat different. 

The problem of bacteriophage is one of considerable 
importance to the dairy industry, because it is a major 
cause of retarded acid development of the lactic acid 
starter organisms in the manufacture of cheese and 
other cultured products. The observations madg in this 
study emphasize the necessity for preventing the wide- 


spread dissemination of virus-laden milk and milk prod- 
uct residues about the premises of a cheese factory or 
dairy plant where the virus particles may remain dor- 
mant for years, to serve later as the source of bac- 
teriophage outbreaks. 


SUMMARY 


A method of preparing dried specimens of bacteri- 
ophage for the lactic acid streptococci is described. 
On the basis of examination for viability at intervals 
of six months, the desiccated viruses remained viable 
at 0 C for 42 months and at 37 C for 72 months. At 
12 and 25 C virus particles continue to remain viable 
after 78 months. These observations are continuing. 
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Isolating chemical substances from bacterial cells 
is frequently impeded by the problem of concentrating 
a dilute and voluminous extract efficiently and quickly 











Fig. 1. Electro-ultrafilter assembly. A, anode; B, distilled 
water; C, cathode; D, siphon; EF, fluid level regulator (in loosely 
fitting stopper); F, to trap; G, reservoir; H, to aspirator pump. 











naturization. The apparatus herein described has given 
efficient operation in these respects and is in addition 
relatively inexpensive to construct and amenable to a 
number of laboratory adaptations. 


Metuops 


Four rubber-stoppered alundum thimbles (6406 RA 
360) were coated with a 10 per cent solution of par- 
lodion in glacial acetic acid, utilizing a procedure similar 
to that described by Seibert (1928). The washed, coated 
thimbles were attached by short lengths of pressure 
tubing to a glass manifold and lowered into a container 
composed of 4 glass cylinders somewhat larger in di- 
ameter than the thimbles. The former were joined to 
each other by short lengths of Tygon tubing, 2 diagonal 
cylinders being connected, in addition, through a cen- 
tral 2-armed well as illustrated in figure 1. 

Each stopper contained, in addition to the glass tube 
connecting the thimbles to the manifold, a smaller 
peripheral tube leading to the bottom of the thimble 
through which distilled water was circulated around 
the electrodes. The anode may be an inexpensive pure 
carbon rod such as is used in a spectroscope, or platinum 
foil or gauze; 100-mesh brass strainer cloth serves for 
the cathodes. 

In operation, the coated thimbles are lowered into 
the container and the distilled water tubes connected 
through a small 4-way manifold to a flask of distilled 
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Fic. 2. Direct current circuit. A, ammeter, 0-500 milliamperes; V, voltmeter, 0-150 volts; F, fuse, 500 milliamperes; C, electro- 
lytic condenser, 20 Mfd, 150 V. W.; Choke, filter choke, 80 ohmes, 8 Henries at 300 milliamperes; R, variable resistor, 0-5000 ohmes, 
35 watts; SR, selenium rectifier, full wave bridge, output 100 volts d.c. at 1 ampere; T, variable transformer, 0-132 volts, 0.165 KVA; 
L, pilot lamp; 8, single pole, single throw switch; S;, push-button switch, single pole, single throw. 


without engendering undesirable changes in the prod- 


water which may circulate continuously or intermit- 
uct because of undue bacterial proliferation or de- 


tently through the thimbles to prevent an undue ac- 
cumulation of ions around the electrodes. The solution 
to be concentrated is siphoned into the container and 
the level of the latter automatically controlled by ad- 


1 This investigation was supported in part by a contract 
(NO 9-ONR-87200) between the Office of Naval Research and 
the University of New Mexico, Albuquerque, New Mexico. 
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justing the height of the tube in the side arm of the 7 in and a chassis 8 by 7 by 3 in accommodates all 














central well. An aspirator pump is connected through the parts. The direct current obtained possesses a 
a trap to the manifold and electrodes connected to a ripple of less than 3 per cent and offers, in addition, a 
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compact and simple in construction. A panel 8 in by techniques requiring a direct current source. 
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RESULTS 

When the above apparatus is used, an acceleration 
of ultrafiltration takes place because of the combined 
electroendosmotic effect and, generally, the prevention 
of undue physical clogging of the membranes surround- 
ing the cathodes. The large non-diffusible molecular 
entities sought are usually ampholytes in a solution on 
the alkaline side of their iso-electric points. They are 
thus preponderantly negatively charged, and migrate 
away from the cathodes. Many solutions filter rapidly 
with no adjustment of their initial conductivities as 
illustrated in figure 3 with a 10 per cent plasma solution 
in distilled water. Here the resistance of the solution is 
sufficiently low that a relatively high current density 
at 100 volts may be maintained throughout the con- 
centration process. With no potential difference ap- 
plied across the membranes, a high rate of ultra-filtra- 
tion takes place initially which quickly drops off and 
becomes slower as the process continues. The same 
plasma solution, however, when electro-ultrafiltered 
maintains a constant higher filtration rate after an 
initial drop. To obtain the most rapid filtration rate 
with some solutions, however, a proper ion concentra- 
tion must be present originally. This is illustrated in 
figure 4 with a crude 25 per cent egg white solution in 
distilled water, centrifuged to remove the major por- 


tion of the precipitated globulin and mucin. I) this 
instance, a sufficient loss of ions occurs from the elee- 
trolyzed solution to bring about a marked drop ii: the 
amperage after about two and one-half hours, the latter 
being paralleled by a similar drop in the filtration rate. 
The rapidity of the ultrafiltration bears a direct rela- 
tionship to the wattage employed and here, cither 
higher voltages must be resorted to to maintain a high 
filtration rate or a greater conductivity imparted to the 
solution in the beginning. Figure 4 shows the beneficial 
effect of adding 0.1 per cent NaCl to another aliquot of 
the above egg white solution. 

Klectro-dialysis of the concentrate or smaller volumes 
of other solutions may be carried out utilizing the cell 
described by Bronfenbrenner (1926). 


SUMMARY 


An apparatus is described for concentrating volumi- 
nous cellular extracts quickly by means of electro-ultra- 
filtration. 
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A simple electro-ultrafilter. 
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The passage of water through certain bituminous 
coal mines results in a solution which is extremely acid 
in reaction because of its high content of ferrous sul- 
fate, some aluminum sulfate, and lesser amounts of 
manganese sulfate. The ferrous iron is subsequently 
rapidly oxidized to the ferric state by an autotrophic 
bacterium. Autotrophic bacteria have also been im- 
plicated in the formation of the ferrous sulfate from 
iron disulfides in the coal mines. Nevertheless, the ex- 
tent and exact mechanism of bacterial action in the 
formation of ferrous sulfate remains obscure. 

Iron disulfide, which is the original source of the 
ferrous sulfate, occurs in different forms in the coal and 
associated strata. These geological and structural as- 
pects of acid formation have been discussed by Temple 
and Colmer (195la). Direct bacterial oxidation of iron 
disulfide has not been demonstrated, although several 
reports indicate the prevalence of Thiobacillus thio- 
oxidans in soils where pyrite is undergoing oxidation 
(Drewes, 1928; Jensen, 1927; MaclIntire et al., 1930; 
Quispel et al., 1952; Rudolfs, 1922). Quispel, Harmsen, 
and Otzen (1952) postulated the initial surface chemical 
oxidation of ferrous ions, releasing elemental sulfur 
which could then be oxidized by 7’. thiooxidans. Early 
workers at West Virginia University (Carpenter and 
Herndon, 1933) claimed to have identified 7. thio- 
oxidans in acid mine waters and this bacterium was 
definitely established as a normal inhabitant of acid 
mine waters by Colmer and Hinkle (1947). These au- 
thors also found another bacterium in acid mine drain- 
age which was responsible for the oxidation of ferrous 
iron to the ferric state in acid solutions where ferrous 
iron was chemically stable; indeed, this unusual reac- 
tion led to the discovery of the bacterium. The iron- 
oxidizing bacterium proved to be an autotroph and has 
since been described and given the name Thiobacillus 
ferrooxidans n.sp. (Colmer et al., 1950; Temple and 
Colmer, 1951b). 

Leathen, Braley, and McIntyre (1953a) stated that 
T. thiooxidans has no effect upon museum grade pyrite 
and does not enhance acid formation from “sulfur 
balls”, a type of pyritic concretion commonly found in 
coal. However, they reported (Leathen et al., 1953b) 
that the iron-oxidizing bacterium, which we have called 


‘ Present address: The Texas Co., Bellaire, Texas. 


Thiobacillus ferrooxidans, does increase the acid formed 
from “sulfur balls” although not from museum grade 
pyrite. In their experiments both bacteria produced 
some acid from museum grade marcasite. 

The work of Leathen et al. agrees with ours in that 
T’. thiooxidans increases the acid formed from mar- 
casite of non-coal origin, and we have confirmed their 
observation of the effect of 7. ferrooxidans upon “‘sulfur 
balls.” However, our results show in addition that 
T’. thiooxidans enhances the acid production of certain 
types of “sulfur balls” and that 7. ferrooxidans in- 
creases the acid formation from museum grade pyrite. 
An overall mechanism for the acid formation is pro- 
posed. 


MATERIALS AND METHODS 


Museum grade marcasite from a supply house was 
obtained as crystals upon dolomite and was separated 
by dissolving the dolomite in warm dilute hydrochloric 
acid leaving crystals of approximately four mesh size. 
Museum grade pyrite obtained from a supply house 
was in the form of moderately disseminated crystals 
in quartz and was separated by coarse crushing and 
hand picking. The pyrite was again crushed and sieved 
to select the material from 14 to 100 mesh. A part of this 
was ground in a ball mill in the dry state to an unde- 
termined particle size, a fine powder being obtained in 
36 hr. Fresh “sulfur balls’? were obtained from the pick- 
ing tables, coal cars, and from the working face of local 
mines operating on the Pittsburgh seam. These “sulfur 
balls” differed greatly in their rate of disintegration 
under moist atmospheric conditions and in their rate of 
acid formation under experimental conditions. A read- 
ily oxidized type of ‘sulfur ball’’ was used in the experi- 
ments summarized here. 

The bacterial cultures were isolated from acid mine 
water and have been carried in this laboratory for 
several years. The 7’. thiooxidans appeared identical to 
a culture obtained from Dr. R. L. Starkey with the 
possible exception of nitrate utilization. It was main- 
tained upon the customary sulfur medium (Waksman 
and Joffe, 1922) and was filtered through Whatman 
No 42 paper to remove sulfur before inoculating ex- 
perimental units. The 7. ferrooxidans was maintained 
upon a solution consisting of FeSO,-7H,0, 50 g; 
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MgSO,-7H.0, 1.0 g; (NH4)2SOq, 0.5 g; KHLPO,, 0.1 g; 
distilled water, 1000 ml. 

Acid production from marcasite was investigated 
using approximately five g samples in modified perfusion 
units (Temple, 1951) containing 400 ml of solution. 
The solution in this case was unaltered ground water 
collected as it dripped from the roof of a mine. The 
inoculated unit received one ml of a 7’. thiooxidans 
culture. Single units were used. 

“Sulfur ball’? oxidation was carried out in perfusion 
units with 5 g of sulfuritic material and 400 ml of solu- 


TaBLeE 1. Effect of Thiobacillus thiooxidans on acid formation 


from museum grade marcasite in perfusion units 


DAYS 
INOCULUM 
0 20 58 99 119 145 
T. thiooxidans 180* 250 700 2450 3000 | 4700 
ee ..| 180 - 180 200 300 


* Total acidity as ppm Ca CQ. 


TABLE 2. Effect of Thiobacillus thiooxidans and Thiobacillus 
ferrooxidans on acid formation from “sulfur ball” 

in perfusion units 

STANDARD 

DEVIATION 


DAYS ACIDITY 


INOCULUM cond OF MEAN 
0 | 4 | 27 | 75 | 109 | 199 days 
| 
T. thiooridans 6 |650*|1340|3260, 6390) 9180) 111.7 
T. thiooridans and 
T. ferrooxidans. . 5 | 690/1390/3720) 8822/11960 746.58 
T. ferrooxidans....... 5 | 640)1130)3490) 10350/12500| 451.58 
er re 2 


| 700)1290)2375) 5400, 6400) 637.50 


* Mean total acidity as ppm CaCO; 


TaBLe 3. Effect of Thiobacillus ferrooxidans on sulfate 


formation from museum grade pyrite 


NaN INCREASE 
PREPARATION OF PYRITE ADDED IN PPM DAYS 
oe SO; 
Crushed, 14-100 mesh................. + 2700 29 
Crushed, 14-100 mesh.................] — 6800 29 
Ball mill ground. . i 9000 29 
Ball mill ground.............. iene = 25000 29 


tion. To aid in comparison of results Leathen’s me- 
dium was employed (Leathen ef al., 1951). Inoculated 
units received one ml of the indicated bacterial culture 
and the controls were given an equal amount of heat- 
killed cultures. Six units were used in each inoculated 
series and the control was run in duplicate. 

In all experiments with perfusion units, the units 
were assembled with sulfuritic material and solution 
in place, autoclaved, and inoculated. 

Oxidation of museum grade pyrite was studied in 
Florence flasks since the particles were too fine to be 
retained in perfusion tubes. Thirty-four and nine-tenths 
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of powdered pyrite supported on 150 g of inert acid 
washed, baked fire clay frit were placed in 50) ml 
Florence flasks. After autoclaving, 100 ml of an sctiye 
bacterial culture of 7. ferrooxidans was added to each 
flask. The liquid level was just above the pyrit« and 
some of the pyrite floated on the surface. The contro] 
flasks received 0.02 g NaN; to inhibit bacterial oxida- 
tion. The experiment was run in duplicate. The fire 
clay was shown to be non-acid-forming. Later experi- 
ments with pyrite spread upon the bottom of Fern- 
bach flasks and fire clay omitted gave similar results, 

Total acidity was determined by titration of the hot 
solution with standard alkali to the phenolphthalein 
end point. The results are given in parts per million 
(ppm) as CaCO; which is the practice in water analysis, 
Sulfate was measured by barium chloride titration using 
tetrahydroxyquinone indicator (THQ)? (Sheen and 
Kahler, 1936). One, two or five ml samples were taken 
for analysis. 


RESULTS 

In table 1 the increased acid formation from mar- 
casite in the presence of 7. thiooxidans is clearly evi- 
dent. This contrasts strongly with the results using 
pyrite in that the marcasite was of about four mesh 
size While pyrite did not react until finely ground. The 
low initial values were due to the use of neutral roof 
drips as the solution. At the end of the experiment the 
bacteria were concentrated about the marcasite par- 
ticles. 

Table 2 presents results of acidity measurements on 
“sulfur ball’? exposed to T. thiooridans and T. ferro- 
oxidans singly and together. There was more acid pro- 
duced in the presence of bacteria with 7’. ferrooxidans 
showing the greatest effect. A statistical ‘“t’’? test com- 
paring the four groups indicated a very high probability 
of the differences between the groups being valid with 
the exception of the group of flasks inoculated with 7. 
ferrooxidans alone and the group of flasks inoculated 
with both bacteria. Here the probability of a real dif- 
ference is only about 50 per cent. 

Ball mill ground pyrite was much more reactive 
chemically and was also more susceptible to bacterial 
action than coarser crushed pyrite. Table 3 indicates 
some bacterial action in the case of crushed pyrite and 
much more in the case of ground pyrite. Since the solu- 
tion contained ferric sulfate at the start, some of the 
sulfate in the controls may be due to the oxidizing ac- 
tion of ferric ions on pyrite. The values listed are net 
increases in sulfate. Subsequent determinations showed 
that the oxidation had tapered off and sulfate forma- 
tion had practically ceased. Similar experiments with 
T. thiooxidans were negative, indicating no bacterial 
action. 


* Supplied by W. H. and L. D. Betz, Philadelphia, Penn- 


sylvania. 
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DISCUSSION 


The net increase in acidity from 5 g of “sulfur ball’ 
in 400 ml of solution was 13,750 ppm CaCO, in the case 
of 7. ferrooxidans, which is equivalent to 0.1375 mole of 
H.SO, per liter. This may be compared with a net in- 
crease Obtained by Leathen et al. of 0.1268 mole acid 
from 50 g of “sulfur ball” in a liter of solution. The 
greater acidity we noted probably reflects the differ- 
ence in oxidation rate of the “sulfur balls’? used and the 
faster oxidation rate in perfusion units. Some pyritic 
“sulfur ball’? concretions we have collected were com- 
pletely stable and did not form acid until after a pre- 
liminary treatment with hydrochloric acid. These “sul- 
fur balls’? contained a little calcite, which may have 
been sufficient to prevent acid formation from getting 
underway. 

The acid concentration from 5 g of marecasite in 400 
ml of solution exposed to 7’. thiooxidans increased by 
1520 ppm CaCO, in our experiments, which is equiva- 
lent to 0.0452 mole H.SO, per liter in 145 days as com- 
pared to an increase of 0.0156 mole in 210 days from 
25 g marcasite in 500 ml in Leathen’s experiments. 
This may be a reflection of the faster oxidation rate in 
aerated perfusion units than in stationary flasks. 

Since particle size is known to be important in the 
oxidation of sulfur by 7’. thiooxidans, preliminary stud- 
ies on pyrite involved crushing and‘screening different 
particle sizes. No bacterial action was found until fine 
crushing and ball mill grinding was resorted to, although 
elemental sulfur of much coarser sizes are readily oxi- 
dized. The particle size of the pyrite in “sulfur balls” 
isunknown but is presumed to be very small since most 
of the pyrite is not visibly apparent. Some sulfur di- 
oxide was produced in grinding but did not affect the 
results. Ground pyrite collected and washed on a Buch- 
ner funnel showed the same oxidation rate as unwashed 
pyrite. 

The known facts regarding pyrite oxidation and auto- 
trophic bacteria may be summarized as follows: (1) 
T. thiooxidans is without effect on pure pyrite. (2) 7. 
thooxidans increases acid formation from marcasite 
and from some concretions in coal which have a high 
pyritic sulfur content. (3) 7. ferrooxidans increases 
sulfate formation from pyritic concretions obtained 
from coal and from pure pyrite of very small particle 
size. (4) T. thiooxidans oxidizes elemental sulfur and 
thiosulfate very readily but has no apparent direct ac- 
tion on disulfide. (5) 7. ferrooxidans oxidizes ferrous 
iron very rapidly in acid solution. (6) Both mareasite 
and pyrite are slowly oxidized chemically by moist air. 
(7) Pyrite and marcasite react with oxidizing agents 
such as ferric sulfate to produce ferrous sulfate and 
elemental sulfur. (8) Marcasite oxidizes more rapidly 
than pyrite of the same particle size and marcasite 
produces more elemental sulfur than pyrite as a result 
of the oxidation. (9) No ferric ions are to be found in 


very freshly formed mine waters or in laboratory units 
where “sulfur balls” or other forms of pyrites are ex- 
posed to the action of 7. ferrooxidans. 

The foregoing facts may be coordinated to postulate 
an overall sequence of acid forming reactions in coal 
mines. In this sequence the first step is the non-bio- 
logical chemical oxidation of finely divided pyrite or 
marcasite to ferrous sulfate. 


Fes, + H.O + 3! of do = FeSO, + H.SO, 


This is followed immediately by the bacterial oxida- 
tion of ferrous sulfate, a reaction normally carried out 
by T. ferrooxidans in acid solution. 


2FeS( )4 oa 1o( )o + HSC Yq = Fe.(SO,4); a H.0 


As rapidly as the ferric sulfate is formed, it reacts with 
the finely divided pyrite present, the ferric sulfate being 
reduced and the pyrite oxidized in a strictly chemical 
reaction. 


Fes(S¢ )a)3 + Fes, = 3FeS( ys ~ 28 
and further, 
28 + 6Fes(S¢ )a)3 + 8H:O = 12FeSO, a SH.S¢ Ys 


However the elemental sulfur liberated is more likely 
to be bacterially oxidized by T. thiooxidans. 


S$+10 + H.O = 2H+ + S0,-- 


The acidity thus produced favors the continuance of 
the sequence. Thus the role of 7. ferrooxidans is that 
of providing a continuous supply of ferric ions which 
in turn react with the iron disulfide to give ferrous sul- 
fate. A cycle is thus established which has the net ef- 
fect of increasing the rate of oxidation of iron disulfide 
to ferrous sulfate. The action of 7. thiooridans is in 
oxidizing any elemental sulfur formed. 

The above hypothesis is strongly supported by the 
fact that all of the reactions included are actually 
known to take place under the specified conditions and 
by the fact that both 7’. ferrooxidans and T. thiooxidans 
are associated with acid formation in the mine at the 
actual site of iron disulfide oxidation. We have ob- 
served freshly exposed neutral strata in coal mines and 
have found both bacteria absent, while within a few 
days time large numbers of 7. thiooxidans and T. 
ferrooxidans developed and the area became highly 
acid. It is possible, of course, that some reaction or 
aspect of acid formation has been overlooked. How- 
ever, this sequence adequately explains the presence 
of both bacteria without postulating any dubious 
mechanisms. 
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SUMMARY 


Thiobacillus thiooxidans increases the acid formation 
from certain types of the pyritic concretions in coal 
known as “sulfur balls,’’ as well as from marcasite. 
Thiobacillus ferrooxidans increases the acid formed from 
museum grade pyrite of fine particle size as well as 
from “sulfur balls.’’ A general mechanism for acid 
formation in coal mines is proposed. 
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Although the activated sludge process for stabilizing 
quid organic wastes is primarily a biological process, 
very little research has been conducted on the pure 
hiological phases of this process. Until the work of 
Butterfield (1935), activated sludge was considered by 
sme as a physio-chemical process and by others as a 
bio-chemical process. Butterfield isolated a bacterium, 
loogloea ramigera, from activated sludge which was 
capable of stabilizing a liquid organic substrate and of 
producing floc which was characteristic of activated 
sudge. Wattie (1942) and Heukelekian and Littman 
1939) were also successful in isolating Z. ramigera 
from activated sludge. Although efforts were made to 
isolate other floc-producing bacteria, none were found. 
As a result of these studies, Z. ramigera was accepted 
as the predominant bacteria in activated sludge being 
responsible for both the stabilization of the organic 
matter and the production of floc. 

Isolation of floc-producing bacteria other than Z. 
ramigera was made by McKinney and Horwood (1952). 
They isolated five additional floc-producing bacteria 
from activated sludge. These organisms were not only 
capable of floe production but also of stabilizing the 
organic matter. It is the purpose of this paper to report 
on further work in the isolation of floe-producing bac- 
teria from activated sludge. 


EXPERIMENTAL METHODS 


Four sources of activated sludge were used in the 
isolation studies: San Antonio Activated Sludge, Austin 
Biosorption Sludge, Synthetic Activated Sludge and 
Celanese Activated Sludge. The San Antonio Activated 
Sludge was obtained from the San Antonio, Texas, 
Municipal Sewage Treatment Plant, and represented 
conventional activated sludge formed from sewage. Five 
isolation runs were made on separate samples of San 
Antonio Activated Sludge. The Austin Biosorption 
Sludge was representative of the new high-rate acti- 
vated sludge processes and was obtained from the 
Austin, Texas, Municipal Sewage Treatment Plant. 
Only one sample of Biosorption Sludge was used. The 
Synthetic Activated Sludge was produced in the labora- 

'This investigation was supported in part by a research 
grant, E-269, from the National Microbiological Institute of 
the National Institutes of Health, Public Health Service and 
by « grant from the Celanese Corporation of America. 
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tory using a completely soluble organic substrate and a 
sewage seed. Nine different isolation runs were made on 
the Synthetic sludge. The Celanese Activated Sludge 
was produced from a biologically toxic industrial waste 
of the Celanese Corporation of America Plant at Bishop, 
Texas. The sludge was formed by carefully acclimating 
normal activated sludge to increasingly stronger con- 
centrations of the waste over a long period. One isolation 
run was made on this sludge. 

The isolation of bacteria from the various sludges 
was accomplished by the following process. One ml of 
the activated sludge was pipetted with a sterile pipette 
into 9 ml sterile dilution water in a 25 ml weighing 
bottle containing sterile glass beads. The sludge was 
dispersed by shaking the bottle vigorously for one 
minute. Serial dilutions were then made into sterile 
aeration units. The sterile aeration units were made 
from 150 ml bottles and contained 75 ml sterile sub- 
strate. The units were aerated aseptically by passing 
the air through 500 ml water and 2 ft of cotton. It was 
found that the units could be aerated in this manner 
for over a week without becoming contaminated. After 
24-hr aeration streaked nutrient agar plates were made 
from the unit of highest dilution showing floc. The 
nutrient agar plates were incubated for 24 hr and then 
examined for growth. If sufficient growth had occurred, 
representative colonies were picked from the plates 
and were placed into culture tubes containing 10 ml of 
the nutrient substrate. If growth was not sufficient for 
isolation, incubation was continued for an additional 
24 hr and then the isolations were made. The culture 
tubes were incubated at room temperature, approx- 
imately 25 C, for 24 hr and then examined micro- 
scopically for purity. If the culture appeared mor- 
phologically pure, nutrient agar slants were made. 
The slants were used as stocks for all further work and 
were maintained by storage in a cold room at 4 C and 
by monthly transfer to fresh slants. 

The nutrient substrate in the aeration units and in 
the culture tubes varied with the source of sludge being 
used. A 1:9 dilution of nutrient broth was used with the 
sludges obtained from the San Antonio Sewage Plant 
and the Austin Sewage Plant. A 1:19 dilution of the 
waste from the Celanese Plant was used with the Cela- 
nese sludge. The synthetic substrates had a base of 
230 ppm dextrose broth and 20 ppm potassium phos- 
phate, monobasic. 
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After the bacteria had been isolated, they were iden- 
tified according to the procedures set forth by the 
Society of American Bacteriologists (1951). All identi- 
fications were based on the descriptions in Bergey’s 
Manual of Determinative Bacteriology (1948). 


TaBLeE 1. Bacteria isolated from activated sludge 


NUMBER 
SPECIES OF 
ISOLATES 


SOURCE 


San Antonio Acti- Escherichia coli 


vated Sludge Escherichia freundii 
Aerobacter aerogenes 
Klebsiella pneumoniae 
Pseudomonas segnis 
Pseudomonas turcosa 
Pseudomonas perlurida 
Pseudomonas tralucida 
Pseudomonas salopium 
Flavobacterium solare 
Flavobacterium breve 
Alcaligenes faecalis 


ee ne oe 


Achromobacter liquefaciens 
Zoogloea ramigera 


2.5 


Bacillus cereus 
Bacilius megatherium 
Neisseria catarrahlis 


=e wo = 


Lactohacillus casei 





Austin Biosorption 
Sludge 


Pseudomonas pavonacea 1 
Alcaligenes faecalis ») 
Bacterium methylicum 1 
Bacillus lentus 1 


Synthetic Activated 
Sludge 


Escherichia freundii 
Escherichia coli 
Pseudomonas ovalis 
Pseudomonas segnis 
Pseudomonas fragi 
Pseudomonas perlurida 
Pseudomonas solaniolens 
Alcaligenes faecalis 
Alcaligenes metalcaligenes 
Alcaligenes marshallii 
Achromobacter butyri 
Bacterium linens 
Micrococcus conglomeratus 
Micrococcus varians 


ee a 


Zoogloea ramigera 


Celanese Activated 
Sludge 


Paracolobactrum aerogenoides 


Pseudomonas putida 


noe 


Pseudomonas segnis 
Alcaligenes faecalis 


=5 


Micrococcus conglomeratus ; 


Once the bacteria had been identified, their ability 
to form floe was established. Rapid floc formation was 
determined by simulating the conditions of the acti- 
vated sludge process in the small aeration units. Both 
sterile settled sewage and sterile synthetic sewage were 
used as substrates. The settled sewage was obtained 
from the effluent of the primary settling tanks at the 


San Antonio Sewage Plant during the afternoo: , at 
which time the strongest sewage was passing fron: this 
unit. The sewage was filtered through coarse :ilter 
paper to remove any large non-settling particles. The 
synthetic sewage consisted of 230 ppm dextrose jsroth 
and 20 ppm potassium phosphate, monobasic, i: dis- 
tilled water. The synthetic sewage was completely sol- 
uble. Both substrates had an approximate 5 day BOD 
of 180 ppm. Each pure culture was aerated for 48 hr in 
the substrate and then was allowed to settle for one hr, 
at which time it was examined for floe formation. 
Since the aeration procedure required — extensive 
equipment, a study was made to determine whether it 
would be possible to demonstrate floe formation in 
standard bacteriological culture tubes. A 1:99 dilution 
of dextrose broth and 20 ppm potassium phosphate, 
monobasic, were used as substrate. Ten ml of media 


TaBLe 2. Bacteria isolated from activated sludge capable of 
forming floc within 48-Hr aeration 
NUMBER 


SPECIES OF 
| ISOLATES 


SOURCE 


Sterile Sewage Escherichia coli 
Escherichia freundii 
Pseudomonas perlurida 
Pseudomonas ovalis 


ye es ek se 


Alcaligenes faecalis 
Alcaligenes metalcaligenes 
Zoogloea ramigera 
Bacillus cereus 
Synthetic Sewage Escherichia coli 
Escherichia freundii 
Pseudomonas ovalis 
Pseudomonas segnis 
Pseudomonas solaniolens 
Pseudomonas fragi 


0.5 
COO ee 


Alcaligenes faecalis 


Alcaligenes metalcaligenes 
Bacillus lentus 


were placed in 125 mm culture tubes, sterilized and 
inoculated with the pure cultures of bacteria. Daily 
examinations for floe were made over a 21-day period. 
RESULTS 

In all, 72 bacteria were isolated in the 16 isolation 
runs. Table 1 shows the source, identification and 
number of bacteria isolated from the various activated 
sludges. The number of bacteria isolated from a given 
sludge were not indicative of the total number of 
bacteria in that sludge or of the predominance of 
various species. Only one of each type of colony was 
isolated during a single isolation run, but the isolation 
of a given species of bacteria from the various sources 
of activated sludge as well as the repeated isolation 


from several samples of the same sludge tended to 
indicate the importance of that species to the activated 
sludge systems considered in this study. 
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Very few of the bacteria were capable of forming 
floc in either settled sewage or synthetic sewage within 
48-hr aeration. Table 2 lists the number and species of 
the bacteria which formed floc under the conditions of 
normal activated sludge. 

The use of media in standard culture tubes, unaerated, 
proved a simple means for determining floc of all of the 
bacteria under identical conditions and at the same 
time. The bacteria which formed floc in the aeration 
systems formed floc just as readily in the unaerated 
tubes. Incubation in the synthetic sewage for 17 days 
was sufficient for all of the bacteriatoform floc; whereas, 
only 14 days’ incubation was necessary for all of the 
bacteria to form floc in settled sewage. 

DISCUSSION 

The isolation of a large number of different bacterial 
species common to water and soil substantiates the view 
that activated sludge is a heterogeneous bacterial sys- 
tem. But despite the large number of different bacterial 
species, it is doubtful whether the majority of the 
bacteria are important in stablizing sewage or the 
synthetic sewage used in this study. One of the chief 
characteristics of a successful activated sludge system 
is the ease with which floc is formed. Therefore, it is 
reasonable to believe that the floc-producing bacteria 
are the predominating organisms in activated sludge. 
The bacteria which formed floc so readily in the aeration 
units after 48-hr aeration are probably the important 
bacteria to the activated sludge systems studied. 

Microscopic examinations were made to determine 
the time of formation of floc. Floc formation was cor- 
related with the metabolic activities of the bacteria. 
The bacteria did not form floc as long as they were 
actively metabolizing organic matter and reproducing. 
It was only after the bacteria had ceased their metabolic 
activities that floc could be determined microscopically. 
The use of the substrates in culture tubes, unaerated, 
helped to show that if the bacteria were given sufficient 
time to metabolize the organic matter, they were all 
apable of forming floc. 

Contrary to popular concepts, none of the bacteria 
isolated herein formed large masses of zoogloea or slime, 
under the conditions employed in these experiments. 
Floc was formed by the joining of several bacteria at 
their capsular interfaces. None of the organisms had 


thick capsules. As the floc grew, the thickness of the 
capsular material separating the cells appeared to re- 
main relatively constant. But with aging some of the 
cells lost their identity as individual cells and the floe 
appeared to be composed of zoogloeal material. The 
use of sterile sewage accentuated the pseudo-zoogloeal 
appearance of the floc through the incorporation of 
colloidal particles. 

The fact that floc formation is not a special property 
of any particular group of bacteria helps to explain the 
ease with which activated sludge floc is formed in 
various industrial wastes. The chemical nature of the 
wastes determines the bacterial predomination; whereas, 
floc formation is the resultant of complete metabolism 
of the organic matter in the wastes by the predominant 
bacteria. 


SUMMARY 


Seventy-two bacteria were isolated from 16 different 
samples of activated sludge from 4 sources. Of these, 
14 were capable of floc formation in sterile synthetic 
sewage, and 12 in sterile settled sewage. All cultures 
formed floc when incubated, unaerated, in these sub- 
strates for 17 days. Microscopic observations indicated 
that floe was the normal result of complete metabolism 
of the organic substrate and was not caused by special 
zoogloeal-producing bacteria. 
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Disposal of dairy wastes is of importance to all 
branches of the dairy industry, from the simple shipping 
and bottling of milk through the manufacture of milk 
products, including cheese, butter, ice cream, and proc- 
essed milk. Drainage and washings are the main 
sources of wastes, with an occasional addition of sur- 
plus buttermilk, whey or spoiled materials. About 1 per 
cent of fluid milk entering a plant is lost even under 
good waste-preventing practices. Wash and cooling 
waters dilute this milk so that about 0.1 to 0.2 per cent 
milk solids is in the waste. This industrial waste with a 
5-day biochemical oxygen demand (BOD) of 800 to 
1500 parts per million (ppm) is a much stronger pollut- 
ing agent than the same volume of domestic sewage 
with a BOD of about 200 ppm. 

Increasing demands for clean streams, failure of ex- 
isting aeration systems to prevent odor and acid forma- 
tion in dairy wastes, and the need for simplified small 
disposal systems induced the Dairy Industry Com- 
mittee to present the problem to the Department of 
Agriculture. 

The low concentrations of solids in dairy waste does 
not warrant costly installation for anaerobic disposal. 
The relatively great oxygen demand, as well as the 
ready biochemical availability of the major constitu- 
ents, lactose and protein, suggested studying an aera- 
tion treatment. Aerated or activated sludge processes for 
waste purification use microorganisms for the con- 
version of soluble oxygen-demanding organic materials 
to innocuous substances. Aerobic activities of the sludge 
microorganisms were investigated in these studies, in 
which a 0.1 per cent solution (1000 ppm) of dried skim 
milk was used as synthetic waste (table 1) having the 
same polluting strength as dairy waste. 

Rapid changes resulting from microbial activity in an 
aeration process could not be followed satisfactorily by 
the cumbersome and slow BOD test. Chemical oxygen 
demand (COD) determined by bichromate oxidation 
proved valuable in these studies. Details of this pro- 
cedure, which gives results in a few minutes equivalent 
to the 20-day BOD of milk wastes, were published 
(Porges et al., 1950). In addition, factors were deter- 

1 One of the laboratories of the Bureau of Agricultural and 


Industrial Chemistry, Agricultural Research Administration, 
U. S. Department of Agriculture. 
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mined for estimating the pollution load or oxygen 
demands of substances. For lactose, casein, and sludge 
microbial cells, these were 1.12, 1.42, and 1.25, re- 
spectively. Thus, 100 mg dried bacterial cells required 
an average of 125 mg oxygen for complete combustion, 
or, conversely, multiplying the COD of cells by 08 
gave the weight of cells in the suspension. 

Pure culture studies. Single strains of microorganisms 
were found undesirable for oxidizing dairy waste 
(Porges et al., 1950). Simulated waste was inoculated 
and aerated for 96 hr. Bacillus polymyxa caused the 
protein to disappear. Lactose was also used, with a 
reduction of 37 per cent in the total COD. These com- 
ponents were hydrolyzed, as shown by an accumulation 
of soluble nitrogenous and other substances. An uni- 
dentified organism also produced nonprotein nitrog- 


TABLE 1. Comparison between whole milk and dried skim milk 


WHOLE DRIEDSKIM MILK | SKIM MILK 
MILK MILK SOLUTION®| SOLUTION* 
% % ppm ppm 
RENE ooo G chien cents §.1 50.5 567 529 
Protein. . Co ee 3.2 36.9 355 386 
SR re: 3.9 0.9 — 
oe pnitecteae eee 0.7 8.1 78 85 
MAD OOMON Sc cccocc pees ces 12.9 96.4 1000 1000 
Organic solids............. 12.2 88.3 922 915 


* Calculated as 1000 ppm total solids, without fat and water. 


enous substances and left the lactose undisturbed, with 
no decrease in COD. Saccharomyces fragilis, a feed 
yeast grown on whey (Enebo ef al., 1941; Porges et 
al., 1951) converted the protein and lactose to cell 
material, causing a reduction of 26 per cent in COD. 
This reduction reached 75 per cent when the solids were 
removed. 

Studies are continuing on the identification of bac- 
teria found in an aerated dairy waste sludge and on 
determination of their biochemical activity on milk 
components. However, the impracticability of using 
pure culture conditions on a valueless waste was ob- 
vious, and experiments were continued with the mixed 
culture that occurs naturally in aerated sludge. 

Continuous flow process. Simulated waste was fed into 
an aerobic fermenter (Humfeld, 1947) at a constant 
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rate While the effluent drained continuously from an 
overflow level at the 20-liter mark. Temperature was 
maintained at 30 C and air passed through the tank at 
20 I. per min. The rates of addition were 1.0, 1.5 and 
2 L per hr, giving an apparent holding time of 20, 13.3 
and 9.5 hrs, respectively (Hoover and Porges, 1949). 
Reductions of 40 to 50 per cent in total COD were 
attained (figure 1), and after centrifugal separation of 
the solids the COD of the effluent was only 2 to 11 per 
cent of the influent. Throughout this experiment, lactose 
was absent from the effluent; the protein content was 
equivalent to the total nitrogen content of the influent. 
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Fria. 1. Removal of COD by sludge under continuous feed 
and aeration. (Reprinted from the Proceedings of the 5th Indus- 
trial Waste Conference.) 


TABLE 2. Composition of microbial solids recovered in a 
centrifuge (moisture-free) 


CARBO- 


RECOVERY DATE PROTEIN HYDRATE ASH 
eS anee | 28 | Be 73 
"| See ee 68.4 | 14.8 6.5 
OS eae soll | MORK 8.6 10.6 
ree 65.3 15.5 7.2 





Average........ 67.4 10.5 


} ay 
© 


Micro-organisms oxidized or converted the soluble or- 
ganic material to products removable by aeration or by 
gravity, thus leaving an effluent low in COD and much 
lower in the 5-day BOD. 

Obviously the proteins and carbohydrate materials 
stabilized in the eell were the COD substances. The 
dried centrifuged solids were found high in proteins. 
The proteins, carbohydrates and ash approximated 86 
per cent of the cell weight (table 2). 

A balance of the organic solids was obtained from 
these results and the original data on the simulated 
waste. Air-dried skim milk containing 53 parts lactose 
and 35 parts protein (calculated from total nitrogenous 
matter) made 88 parts of organic material available for 


microbial attack. A solids balance sheet for aerobic 
assimilation was prepared (table 3) from the protein and 
carbohydrate contents of the cells and those of the clear 
effluent. Thus, when 0.1 per cent solution of skim milk 
was fed to a vigorously aerated microbial sludge, all 
the nitrogen was utilized for cell synthesis, and about 
83 per cent of the lactose was completely oxidized, 
leaving only about one-half as much of the solids as 
were originally present. 

Fill-and-draw process. Continuous flow systems are 
impracticable for many small dairies that obtain the 
TaBLE 3. Solids balance sheet for aerobic assimilation of milk 


solids by sludge organisms under continuous feed 
and aeration 





| PROTEIN | Beis TOTAL 
Influent solubles............. | - 53 88 
Effluent solids............... | 34 7 41 
Effluent solubles.............| 1 2 3 


Material oxidized............| 0 | 44 44 








* Per cent of air dried skim milk. 
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Fic. 2. Increase and decrease of COD in fill and draw 
operations. (Reprinted from the Proceedings of the 6th Indus- 
trial Waste Conference.) 


greater proportion of the waste during the morning 
hours. Therefore, experiments were made on a fill-and- 
draw system in which four-fifths of the aerated material 
was withdrawn while being aerated and replaced in 4 
hr by fresh waste (Hoover ef al., 1951b). Thus 9.6 L 
of simulated waste was added to 2.4 L of aerating 
inoculum. The COD value was determined hourly. 
The mechanical action of the stirring blades in this type 
aerator produced a light, finely divided dispersion of 
cells that did not have the settling characteristics of 
activated sludge. 

Figure 2 presents the average data of a series of ex- 





264 PORGES, JASEWICZ AND HOOVER 


periments made on different simulated wastes contain- 
ing 0.1 and 1.0 per cent skim milk solids and 0.5 per 
cent whey solids. The COD of the tank contents in- 
creased rapidly, but started to drop within the 4 hr 
that the waste was added. The COD values of the 
soluble substances rose simultaneously with the total 
COD, showing that the waste was not used as rapidly 
as it was being added during the early feeding period. 
In about 6 to 8 hours, the rapid oxidation was com- 

pleted, but a slower oxidation of the bacterial cells con- 
- tinued, causing a slight decrease in the COD. 

The values in figure 2 were plotted as the percentage 
of the initial COD of the added simulated milk waste. 
The total COD was reduced about 55 to 60 per cent; 
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Fic. 3. Oxidation of skim milk, casein and lactose by 1.0 ml 
sludge mixture (measured manometrically). (Reprinted from 
Sewage and Industrial Waste.) 
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the cell-free supernatant had only about 10 per cent of 
the original COD. Further analyses showed a reduction 
of 75 to 80 per cent in the 5-day BOD. The BOD and 
COD values of the effluent after the removal of the 
cells were low and indicated 89 to 95 per cent removal 
of the original oxygen demanding substances. These 
tests showed that a fill-and-draw method may be ap- 
plied where wastes are produced intermittently. The 
microorganisms rapidly oxidized or assimilated the 
soluble organic matter, leaving a relatively stable mix- 
ture amenable to further simple treatment such as 
separation in a municipal sewage plant. 

Oxidation of dairy waste. Inasmuch as carbon dioxide, 
water and microbial substance were apparently the 
main products, a detailed study of the oxidative changes 


were made manometrically (Hoover et al., 1951a). Man- 
ometric methods had been proposed for the determin. 
ation of BOD (Gellman and Heukelekian, 1951). since 
carbon dioxide was the only gas produced in this cxida- 
tion (Wooldridge and Standfast, 1936). The effect. of g 
number of variables on the oxygen requiremetiis of 
activated sludge have been measured (Dawson and 
Jenkins, 1949). The present studies with skim milk, 
lactose and casein were made in a standard Warburg 
respirometer. Procedures described in standard pub- 
lished works were used, although the use of 125-ml 
flasks had been proposed (Caldwell and Langelier, 
1948). 

A mixed sludge, developed in the aerobic fermentor 
by feeding continuously a 1000-ppm skim milk solution, 
was placed directly in Warburg vessels.in 1 ml quan- 
tities. The desired amount of substrate dissolved in | 
ml phosphate buffer (pH 6.9) was added from the side 
arm. Nitrogen was supplied as ammonium sulfate to 
compensate for its absence in lactose. Oxidation of 
skim milk and its principal components was measured 
(figure 3). The similar rate and extent of oxidation of 


TABLE 4. Oxygen utilization by organisms in the presence of 
skim milk, lactose and casein 


THEO- DONT) (ee 
SUBSTRATE| RETICAL | OBSERVED | PERCENT 
VALUE VALUE* = AGE USED 
mg pl pl 
Skim milk soot 480 780 250 32 
Lactose. 0.50 371 136 37 
Casein 0.35 335 133 10 


* (determined manometrically over 6 hours) 

500 ppm lactose and 350 ppm casein occurred re- 
peatedly. The skim milk was oxidized at a rate almost 
equal to that of the sum of its components. Endogenous 
respiration of the culture without nutrients was low 
and practically constant, showing oxidation of cell 
constituents for maintenance energy. Addition of 
nutrients induced high rates of oxidation for a few hr, 
which dropped in about 6 hr to that of the control. 
The actual rates of oxidation were calculated to ab- 
solute values in terms of microliters oxygen used per 
mg dry cells per hr. This value or Qo, was 7 to 18 for 
unfed cells, 62 to 116 for casein, 60 to 114 for lactose 
and 106 to 183 for skim milk. 

Only 32 to 40 per cent of the theoretical amount of 
oxygen necessary for complete oxidation was required 
(table 4), indicating the occurrence of either partial 
oxidation or assimilation or both. The theoretical values 
for complete oxidation were calculated from the mole 
composition of the substrate; thus 0.5 mg_ lactose 
hydrate would require 530 ug Os» or 371 wl. Casein would 
require 1.48 mg O» or 1035 ul per mg if the nitrogen were 
converted to NH, or 335 ul O» for 0.35 mg air-dry casein 
(8 per cent moisture). The percentage composition of 
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ihe casein was: C, 53; H, 7.0; N, 15.7; and O, 27.7. 
since the skim milk contained 50 per cent lactose 
whydride and 36.3 per cent protein, the remainder 
jeing primarily ash and water, calculation gave a value 
of 1000 wg or 780 ul O» per mg air-dried product. 

Respiratory quotient. Measurement of the absorbed 
(QO. in the respirometer confirmed the supposition that 
substrate was assimilated or oxidized. The respiratory 
quotient (RQ) of the systems showed that the volume 
of carbon dioxide evolved was almost equal to the 
volume of oxygen used. Thus, the RQ (CO2/O2) for the 
assimilation reaction was 1.00 for casein, 1.03 for skim 
milk and 1.04 for lactose. These values happen to be 
almost equal to the theoretical values for complete 
oxidation of 0.96, 1.00 and 1.00, respectively. In these 
cases, one mole of CO. was produced for each mole of 
0. used. 

The RQ of microbial reactions is of value not only for 
the direct measurement of the conversion of oxygen to 
carbon dioxide but also in establishing the equations of 
the reactions when the substrate and nonvolatile re- 
action products are known. For example, the complete 
oxidation of ethanol to carbon dioxide and water has an 
RQ of 0.67, whereas the oxidation of ethanol to acetic 
acid requires oxygen and produces no carbon dioxide, 
giving an RQ of zero. Apparently in these experiments 
having an RQ of 1.0, the unassimilated substrate was 
completely oxidized, and the primary reaction was: 
Milk solids + O:2 — microbial cells + CO, + HO. 

Oxygen depletion. Polarographic methods may be used 
jor direct determinations of dissolved oxygen. A modi- 
fication of the method of Hixon and Gaden (1950) was 
used to determine the relative rate of oxidation by the 
assimilative reaction and by endogenous respiration and 
the effect of low concentration of oxygen on these two 
rates. Rates of oxygen depletion by bacterial sludge fed 
various concentrations of nutrients were determined by 
continuous recording polarograms (Hoover and Porges, 
1952). 

Figure 4 shows curves representing oxygen depletion 
alter cessation of aeration of aerated sludges containing 
300 ppm cell solids to which skim milk was added. There 
was a rapid and relative constant rate of oxidation. 
Plotting the rate of oxidation as a function of sub- 
strate concentration permitted more satisfactory inter- 
pretation of the data. 

Values in figure 5 were obtained by approximating 
the time required to reduce the oxygen tension to 0.5 
ppm. The most rapid rate of depletion at 1000 ppm 
(figure 4) was taken as unity. The rate of assimilation 
was essentially constant above 100 ppm skim milk with 
the amount of microorganisms used, showing that the 
hutrient was not a limiting factor above 100 ppm con- 
centration. The time required to oxidize the waste was 
directly proportional to the amount of skim milk added 
in this upper range; therefore, since the respirometer 
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studies showed that 1000 ppm were converted in 6 hr, 
500 ppm would be used in 3 hr, 250 ppm in 1.5 hr, and 
other amounts in similar proportions. These calcula- 
tions assumed a sufficiency of oxygen. In these experi- 
ments, the rate of oxygen utilization during assimilation 
was 6 times the rate of the endogenous control without 
substrate, as compared with vigorous aeration experi- 
ments in which the endogenous rate was one-tenth or 
less than the assimilation rate. 

When the rate of oxidation of 100 ppm milk solids 
was studied as a function of oxygen concentration, it 
was found that the rate fell appreciably below 0.5 
ppm oxygen concentration. This absolute rate of 
oxygen consumption is of practical importance. Oxygen 
was removed from the solution at a rate of 0.35 ppm per 
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Fic. 4. Oxygen removal by aerobic organisms from solutions 
of indicated skim milk solids upon cessation of aeration. (Re- 
printed from Sewage and Industrial Waste.) 





minute. Supplying oxygen at such a rate is a major 
problem in the aerobic treatment of dairy wastes. 
Oxygen consumption. Direct manometric measure- 
ments of oxygen consumption showed a maximum rate 
of 83 ppm per hour during assimilation, as compared 
with 22 ppm per hour found by polarographic determin- 
ation. The vigorous agitation of the culture in the 
manometric apparatus and the consequent lessened 
effect of diffusion may be the cause of this difference. 
If oxygen is supplied rapidly enough, the rate in an 
aeration tank may equal the rate in these manometer 
experiments. Another point of interest was the de- 
creased rate of oxygen uptake at the end of 18 hours’ 
aeration. It was then but 7 ppm per hour. The air 
necessary during the latter stages was much less than 
the maximum required during the first few hours. 
Figure 6 presents data obtained when 400 ml of 
simulated waste (1000 ppm skim milk solids) were 
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added in a fill-and-draw operation to 100 ml aerated 
sludge containing 380 ppm cell solids. The rate of 
oxidation was determined from the CO, evolution and 
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Fic. 5. Rate of oxidation by aerated sludge as a function 
of milk solids concentration. Values based upon time required 
to reduce the oxygen concentration to 0.5 ppm. Rate of maxi- 
mum substrate concentration (1000 ppm) taken as unity. (Re- 
printed from Sewage and Industrial Waste.) 























| | 

x = 
x g a: 
o ” THEORY wlan © 
FOR GROWTH PHASE wu 
2 x 
= 
- 30 a 
oO 
a w 
Qa © 
= 20;— : 
° ° 
u 

al 
aad —l00 2 
~ 10l— ° 
_ = 
ec 

= 
0 | | 0 
re 10 20 


TIME, HOURS 


Fig. 6. Oxidation of 800 ppm skim milk solids in a mixture 
initially containing 76 ppm cell solids. (Reprinted from Se ‘age 
and Industrial Waste.) 


calculated to O. uptake per liter of aerating liquor, as 
discussed in the section on stability of aerated sludge. 
Addition of 4 volumes of strong waste to 1 volume of 
the dilute sludge gave a lower rate of oxidation than ob- 


served previously, for there were not enough org: jjisms 
(76 ppm in final mixture) to produce a maximun: rate 
when calculated on a volume basis. If the result~ were 
plotted on an absolute dry weight basis or Q,, , the 
activity of the cells was high. 

The continuous cumulative curve plotted against the 
right side of figure 6 showed agreement with the theo- 
retical analysis of the reactions. The simulated waste 
contained 400 X 0.88 (correction for ash and moisture), 
or 352 mg protein and lactose. According to equations 
discussed later, this amount of skim milk would use 
352:424 = x:192 or x = 159 mg QO» per 500 ml, or 
318 ppm Oz. As observed, when the cumulative oxygen 
uptake totaled about 300 ppm, the rate of oxidation fell 
from that characteristic of the rapid phase to that of 
the slow phase, in excellent agreement with calculated 
values. 

Endogenous respiration for the whole 11- to 23-hour 
period was at the rate of 4 ppm ©, per hour. Analysis for 
organisms showed the presence of 570 ppm organic 
solids, yet the rate of oxidation was only 3 ppm QO, per 
hour. This low rate would cause only a low oxygen drain 
on the stream. The continuous aeration of dairy waste 
during a fill-and-draw procedure, with regulated dis- 
charge of the whole effluent, may be an effective treat- 
ment. 

Assimilation for cell growth. The almost complete 
absence of soluble oxidizable substances led to an in- 
vestigation of their assimilation for cell growth (Hoover 
et al., 195la). The quantity of materials was increased 
3-fold; measurements were made in the respirometer for 
6 hr, then the contents of the vessels were chilled and 
centrifuged cold. The COD values of the supernatants 
were 60 to 96 ppm in 4 vessels, somewhat less than the 
118 ppm originally present in the supernatant of the 
culture, showing removal of the added nutrients. The 
calculated oxidation was 43 per cent for lactose and 
casein, and 37 per cent for skim milk, somewhat higher 
than obtained previously. These results were inter- 
preted as evidence of assimilation of the remaining 5/ 
to 63 per cent of the protein and carbohydrate, an 
assimilation somewhat higher than the 50 per cent 
obtained in the continuous flow experiment. 

Assimilation by the sludge organisms was com- 
parable with that by microorganisms observed pre- 
viously. A legume nodule bacterium grown on syn- 
thetic media showed an efficiency of about 51 per cent 
(Hoover and Allison, 1940). Oxidative assimilation of 
the carbon of carbohydrates was greater than the 
amount liberated as carbon dioxide in short-time experi- 
ments (Clifton, 1946). Two carbon atoms of glucose 
were oxidized to carbon dioxide in yeast production, 
and the remaining 4 carbon atoms formed part of the 
yeast substance (White, 1948). Comparable results were 
reported for lactose and peptone utilization by acti- 
vated sludge (Jenkins and Wilkinson, 1940). BOD 
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removal of 37 per cent was obtained in a dairy waste 
aeration plant (McKee, 1950). The aerated sludge 
process Of organic waste disposal is based essentially 
on aerobic microbial assimilation of part of the waste 
while part is oxidized for energy. 

Composition of cells. Detailed consideration of the 
system required chemical analyses of the cell solids. 
Protein, carbohydrate and ash were previously de- 
termined, but in order to obtain an empirical compo- 
sition of the microorganisms, direct analyses were made 
for oxygen, carbon, hydrogen, nitrogen and ash. (As 
far as is known, these are the first direct determinations 
for oxygen in micro-organisms.) By dividing the per- 
centage of each element present by its atomic weight, a 
value for the resultant composition was obtained 
(Hoover and Porges, 1952). 

The empirical formula of these sludge organisms was 
expressed as C;H;NO» (table 5). This was an obvious 
over-simplification of the organized system of the 
microbial cell with its infinite complexity, but the 


TaBLE 5. Empirical composition* of mixed microbial cells from 
aerated sludge 


RATIO OF ATOMS 
COMPONENT PROPORTION ia 
Per cent/atomic| Per cent/atomic 


weight weightt 
C 47 .26 3.94 4.9 
H 5.69 5.65 7.0 
N 11.27 0.81 (1.0)f 
O 27.0 1.69 2.1 
Ash 8.61 — 
OC 


99.83 | 


* Empirical formula = C,;H;NOsz. 
t N considered as a single atom. 


formula did express the average proportions of “the 
major atoms of the organic constituents. Thus, this 
C;H;NO, unit had a ‘‘mole weight” of 113 which, when 
corrected for the ash content, was 124 atom units. 
For comparative purposes, yeast had an empirical 
formula of C,3H2N2O;, calculated from an average 
analysis. 

Cell synthesis from lactose. Oxidation of a portion of 
this carbohydrate produced energy for the conversion 
of the remaining portion to cell tissue. Absence of signifi- 
cant amounts of by-products showed that lactose was 
completely oxidized in this energy-yielding step. Thus 


which may be expressed for convenience: 


(CH.O) + 0. > CO, + H.O (2) 
RQ = 1/1 = 1.0 


Con ersion of lactose without consumption of oxygen 
or e\ olution of carbon dioxide in the presence of am- 


monia was expressed as follows to yield the empirical 
cell. 


According to manometric data, only 37 per cent of the 
theoretical amount of oxygen required for complete 
oxidation was used during assimilation. Therefore, 5 
units of sugar were assimilated and 3 units were oxi- 
dized, giving from equations 2 and 3 the following. 


CsH;NO2 + 3CO. + 6H2O (4) 
RQ = 3/3 = 1.0 


The experimental RQ of 1.04 agreed well with the 
theoretical value. Data on yield by weight were also 
consistent; 240 atom units, 8 (CHO), were used, yield- 
ing 124 units of microbial tissue, or 52 per cent by 
weight. 

Cell synthesis from casein. The empirical formula of 
the casein molecule was CsHi2N2O3 with a mole weight 
of 184, as found by direct determination of the 4 


TABLE 6. Empirical composition* of casein 


RATIO OF ATOMS 





COMPONENT PROPORTION 
%/atomic %/atomic 
weight weightt 
C 52.85 4.40 8.2 
H 6.48 6.43 11.9 
N | 15.12 1.08 (2.0)f 
O 24.76 1.55 2.9 
OGRE is Sac aas eee 99.21 — 


* Empirical formula = CsHi2.N20s. 
+ N considered as a single atom. 


elements (table 6). The 0.8 per cent sulfur and phos- 
phorus, which equalled only 0.05 atom per mole, was 
neglected. 

The equation for complete oxidation of the casein 
molecule, if nitrogen was converted to ammonia, may 
be written 


CsH,2N.03 + 80, =} 8COz + 2NH; os 3 HO (5) 
RQ = 8/8 = 1.0 


Assimilation of casein into cell tissue may be equated 


CsHi2N2O; + 302. > 
C;H;,NO. + NH; + 3CO. + H:O (6) 
RQ = 3/3 = 1.0 


This equation assumed that one-half the nitrogen was 
assimilated and one-half released as free ammonia. 
Qualitative evidence in large aerator studies showed the 
release of ammonia when cells were grown on casein 
alone. Ammonia was apparent in the gas phase, and the 
pH of the solution increased, but the amount of am- 
monia produced was not measured. The oxygen re- 
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quired in manometric studies for assimilation of casein 
from buffered solution was three-eighths that of com- 
plete oxidation, and the RQ was explainable by these 
equations. 

Cell synthesis from skim milk. The assimilation equa- 
tions of lactose and casein were compared. The ‘‘mole”’ 
of cell substance was produced from 240 units of sugar 
and from 184 units of casein. The proportion of 240:184 
was essentially the proportions of lactose to casein 
found in skim milk. Equations 4 and 6 were added and 
gave 


2C;H;NO: + 6CO. + 7H,O (7) 
RQ = 6/6 = 1.0 








4 
x 
~ 
oO 
= 
~, 
N 
°o 
es) 
 ' 
4 
La] 
° 
° 
So 














| 
ihe E NO FEED 
0 | | | 














.e) 10 20 30 40 50 


TIME, HOURS 


Fig. 7. Rate of CO. formation (or oxygen removal) in oxida- 
tion of 1000 ppm skim milk. (Reprinted from Sewage and Indus- 
trial Waste.) 


The summation equation showed that only six- 
sixteenths or 37.5 per cent of the total oxvgen needed 
for complete oxidation was required; the protein sup- 
plied the ammonia for carbohydrate assimilation. 
No change in pH was observed when skim milk was the 
substrate. According to equation 7, skim milk would 
yield 2 X 124/(240 + 184) or 58.5 per cent of its weight 
as microbial tissue. This was greater than the 52 per 
cent observed in the continuous flow experiments 
(Hoover and Porges, 1949; Hoover et al., 1951b), 
where apparently a less complete conversion to cells, 
carbon dioxide and water was accomplished. If con- 
ditions do not permit rapid growth, the yield of cell 
tissue is lower, for organisms continue to oxidize the 
sugar and protein according to equations 1 and 5 but at 
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a lower rate, thus increasing the proportion of sub-trate 


oxidized to carbon dioxide and water. 

Endogenous respiration. Cells produced by the 
synthetic reactions described above have an endogenoys 
respiration, that is, oxidation of their own tissue for 
energy, thus 


C.H;NO. + 50: > 5CO. + NH; + 2H.0  @) 
RQ = 5/5 = 1.0 


The digestion of organisms by their own respiration 
has a definite practical importance. If endogenous 
respiration proceeds at a great enough rate, microor- 
ganisms oxidize their own tissue (autodigestion of 
sludge) rapidly enough to keep the system in balance, 
Under such conditions, sludge does not accumulate. 
If autodigestion is not sufficient, sludge accumulates, 
making sludge disposal necessary. 

Stability of aerated sludge. Rates of endogenous respi- 
ration have further importance because of a suggested 
partial treatment process for small dairy plants per- 
mitting discharge to a stream of the aerated mixture 
(Hoover et al., 1951b). The drain on the oxygen supply 
of the stream would depend upon the rate of endog- 
enous respiration; hence further data were obtained on 
rates of oxidation. Carbon dioxide evolution was 
measured by a simple titrimetric method (Porges ¢ 
al., 1952) adapted from studies with soil microorganisms 
(Fred and Waksman, 1928). A comparative study made 
between the titrimetric and manometric methods 
showed the microliters carbon dioxide produced per mg 
cells (Qco,) were practically equal to the Qo,. Also, the 
rate of oxidation of milk solids was approximately 10 
times that of endogenous respiration; determined 
manometrically the former was 32.1 ml/l/hr and the 
latter was 3.2 ml/1/hr during the 6-hr period’s measure- 
ments as compared with 30.3 and 3.9 by titration. 

Carbon dioxide evolved from 500-ml aerated solu- 
tions containing 410 ppm sludge solids and 1000 ppm 
skim milk was measured over a period of 48 hr. Samples 
of the aerated mixture were removed, centrifuged 
solids were determined by COD, and calculations were 
made to an absolute basis. Assimilation was high 
during the first hr (figure 7), being completed by the 
fifth to sixth hr, when the rate fell to that of the unfed 
sample. During the remainder of the test, the fed and 
unfed samples had about the same Qco., the latter 
dropping from 10 to 4. Qo,, and Qco, values of 8 to 12 
for endogenous respiration were obtained in a number 
of other experiments over the 6-hr period; hence 4 
Qo, of 10 was considered an average value, although 
later studies showed slower rates. 

An application of the data. The following calculations 
based on 1 pound of skim milk solids in 1000 pounds oi 
water or 1000 ppm may be of importance in the desig! 
and operation of a dairy waste disposal plant. 
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Assimilation phase: 


Part of total O. required : 37.5 per cent 
Quantity of O2 needed 0.453 Ib 
Time required : 16 hr 
Hourly utilization of O 0.075 |b 
Endogenous phase: 

Part of total Os required 62.5 per cent 
Quantity of O. needed 0.761 Ib 
Time required to oxidize 500 ppm cells 

produced in assimilation phase, (0.5- 

lb. cells)...... nee . 160 hr 
Hourly utilization of O» 0.005 Ib 


Caleulations for the tabulation above were based on an 
assimilation Qo,, of 100 and an endogenous Qo, of 6 
htained from more recent data (Hoover, et al., 1952b, 
and unpublished work). A similar tabulation based on 
earlier data (Hoover and Porges, 1952) should be super- 
eded by this one. An erroneous assumption in the 
decrease in the 
amount of sludge produced would decrease the time 


earlier caleulation alleged that a 
required for complete oxidation. The fact is that endog- 
enous respiration consumes a definite fraction of the 
amount present in unit time; for example, a Qo, of 
\0 is equal to a decrease of 1 per cent/hr., and one of 5 


§ sequal to 0.5 per cent /hr. Thus the rate of autoxida- 


tion of sludge solids is proportional to the amount 
present and to the activity of the organisms. The time 
required is independent of the amount and inversely 
proportional to the rate. 

Endogenous rates or Qo, of 5 to 16 were reported for 
many bacteria (Callow, 1924). A review of the liter- 
ature by the authors showed similar rates for aquatic 
iauna. The rates reported were obtained with short 
experiments lasting only a few hours. The lower values 
are nearly typical of those in an operating plant with its 
daily eyele. In long-term experiments, the endogenous 
(bo, decreased to about 3 in 5 days and 1 to 2 in 20 days. 
The complete endogenous oxidation of sludge then 
must depend on operations that maintain a Qo, of 
bout 6 for the daily cyclical process; a batch process 
would require a very long time. 

If greater concentrations of microbial solids were 
carried in the aeration tank, the time required for 
assimilation would be less, but the rate of oxygen 
utilization would be greater. Thus 2500 ppm sludge 
wlids would require a 5-fold increase of oxygen. In 
these experiments, the microbial solids content at the 
start was about 500 ppm. If high yields of cells were 
lesirable for recovery of products such as vitamins 
Hoover et al., 1952a; Murdock, 1952), the crop would 
te harvested shortly after completion of the assimila- 
tion phase. 

Complete combustion. Complete combustion of milk 
waste used 37.5 per cent of the oxygen requirement 
luring assimilation, and this must be supplied within 


6 hr under the assumed conditions. Oxygen must be 
provided at much greater rates than in the second or 
endogenous phase. Although the largest amount of 
oxygen (62.5 per cent) would be used in the latter step 
by the 500 ppm cell substance produced from the 1000 
ppm skim milk solids, the oxygen would be required 
over a longer span of time. 

The tabulation showed that conditions could be 
established to avoid accumulation of sludge or microbial 
cells. For example, if 2500 ppm microbial sludge were 
carried in the aerator under these conditions, 500 
ppm would be destroyed by autodigestion. This 
amount of cell weight would be replaced by the cells 
formed on adding 1000 ppm skim milk solids. Under 
sufficient aeration and regulated feeding, this process 
would maintain a balance, producing no excess sludge 
and discharging an effluent practically free of organic 
matter. A plant based on such a process was empirically 
developed and proposed for waste disposal in small 
dairies (Thayer, 1951; 1952). 

Research contracts. Research contracts have been 
negotiated with Pennsylvania State College for large- 
scale pilot plant studies on the rapid aerobic treatment 
of dairy wastes and also for a study of the effects on a 
stream receiving such treated wastes. 


SUMMARY 


Disposal of dairy and other organic wastes by 
aeration is a branch of applied microbiology in which 
the biochemical oxidizing abilities of microorganisms 
are utilized. The microorganisms in the aerated mixture 
of wastes and sludge act rapidly on the available 
nutrients. Experiments made with a synthetic dairy 
waste, a balanced nutrient, showed that about 62.5 
per cent of the COD (organic matter) is converted to 
cell material and the remainder is completely oxidized 
for energy. Continuing the aeration after the rapid 
synthesis (growth phase) favors autodigestion of the 
cell by endogenous respiration. Stoichiometric equa- 
tions for the assimilative conversion of organic matter 
to cell substance and for the auto-oxidative digestion of 
cells explain these steps. During the period of assimila- 
tion, the oxygen demand of the organisms is high; 
oxygen is used at least 10 times the rate necessary 
in the second or endogenous phase, in which the or- 
ganisms have a Qo, of 10 or less. The maintenance of 
aerobic conditions is mandatory during the oxidative 
processes and requires an oxygen tension of 0.3 to 0.5 
ppm in solution. Under the conditions of these experi- 
ments, the assimilative phase is completed in 6 hr. 
In the endogenous phase, utilization of energy is much 
slower, requiring about 160 hr to oxidize the assimilated 
substance. The aeration process successfully converts 
high oxygen-demanding dairy wastes into cell sub- 
stances of lower BOD. 





